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I. INTRODUCTION 
Space S t a t i o n  l e v e l  B has recognized t h e  growing number o f  references t o  
end e f f e c t o r s  and end e f f e c t o r  tasks t h a t  a re  appearing i n  c o n t r a c t o r  and 
Level C repo r t s .  
Japanese Experiment Module, on the Mobi le  Serv ice Center (or  Mobile Remote 
Manipulator  System), t h e  OMV, the Serv i ce  Bay, and NSTS. 
Te le robo t i c  Serv icer  ( c u r r e n t l y  i n  t h e  d e f i n i t i o n  phase) and i t s  associated 
end e f f e c t o r s  are t r e a t e d  as a u n i t  f o r  purposes o f  t h i s  study. 
S t a t i o n  Program evolves, i t  i s  t o  be expected t h a t  t h e  need f o r  space 
manipulat ion systems and techniques w i l l  be i d e n t i f i e d  and t h e i r  f u l f i l l m e n t  
w i l l  come from these, and o the r  sources. 
Cur ren t l y ,  end e f f e c t o r s  a re  expected as p a r t  o f  t h e  
The F l i g h t  
As t h e  Space 
I n  order t o  avo'id d u p l i c a t i o n  o f  e f f o r t ,  unnecessary l o g i s t i c s  and 
spar ing,  complex i n t e r f a c e s  and cost impact, t h e  Level B has commissioned a 
study t o  prov ide a d e f i n i t i o n  o f  end e f f e c t o r  terms, t o  c o l l e c t  and i d e n t i f y  
program f u n c t i o n a l  requirements and tasks f o r  end e f f e c t o r s ,  t o  prov ide an 
assessment o f  cu r ren t  s t a t e - o f  - the  a r t  i n  end e f f e c t o r  technol  ogy , and t o  
p rov ide  some quidance t o  t he  Space S t a t i o n  Program i n  develop ing a s t ra tegy  
f o r  end e f f e c t o r s  and t h e i r  development. 
To t h a t  end an ad-hoc working group was formed w i t h  p a r t i c i p a t i o n  from 
Work Package Level C y  Level B y  i n t e r n a t i o n a l  par tners,  and JPL and LaRC. 
Langley provided t h e  lead and background work t o  i n t e g r a t e  i n p u t s  from t h e  
o t h e r  p a r t i c i p a n t s .  
The approach taken f o r  t h e  study was t o  survey a l l  program documents 
down through t h e  Data Book l e v e l  t o  i d e n t i f y  requiremenets f o r  end e f f e c t o r s ,  
t o  survey through known sources a l l  end e f f e c t o r s  reasonably r e l a t e d  t o  
p o t e n t i a l  space use, and then t o  form a comparative assessment o f  t h e  
avai  1 ab le  technol  og ies and t h e  program requirements as c u r r e n t l y  understood. 
From t h e  comparative assessment a s e t  o f  program op t ions  have been developed 
f o r  a program-wide end e f f e c t o r  s t ra tegy.  
d e f i n i t i o n  o f  terms has been developed t h a t  w i l l  form a p a r t  o f  a Change 
Request (CK) t o  begin t h e  process o f  i n s t i t u t i o n a l i z i n g  t h e  s t r a t e g y  developed 
from t h e  Study. 
As a p a r t  o f  t h e  study, a 
11. D E F I N I T I O N S  
I n  order  t o  f a c i l i t a t e  t h e  study, bo th  i n  developing requirements and i n  
matching those requirements t o  the a v a i l a b l e  technology i n  end e f f e c t o r s ,  a 
s e r i e s  o f  d e f i n i t i o n s  were proposed t o  t h e  working group. These d e f i n i t i o n s  
served as t h e  bas is  o f  a CR f o r  the Program D e f i n i t i o n  and Requirements 
Document (PDRD) JSC document 30000) which w i  11 eventual  l y  i n c l u d e  t h e  
s t r u c t u r e  around which end e f f e c t o r  requirements and s t r a t e g y  w i l l  be 
formal ized. 
I n i  t i a 1 Def i n i  t i on 
1. 
p a r t  of some remote manipulat ing system. 
be assumed t o  be one o f  two m a j o r  types:  
For purposes o f  d e f i n i t i o n ,  i t  w i l l  be assumed t h a t  an end e f f e c t o r  is 
This remote man ipu la t i ng  system w i l l  
a. Compound Assembly, d i  sconnectabl e on -o rb i t  or at-ground pay1 oad 
i n t e g r a t i o n  f a c i l i t i e s  
b.  I n t e g r a l  Assembly, not separable i n t o  subassemblies 
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2. D e f i n i t i o n s  w i l l  be app 
systems , herea f te r  r e f e r r e d  
3. Each remote manipulator 
t h ree  p a r t s :  
i e d  t o  type ( a )  - compound remote manipu 
t o  on l y  as remote manipulator  systems. 
system w i l l ,  by d e f i n i t i o n ,  be descr ibed 
a t o r  
as hav ing 
(1  
( 2 )  Manipulator Assembly ( f o r  p o s i t i o n i n g )  
( 2 )  End Assembly ( f o r  per forming f u n c t i o n )  
Transport  assembly ( f o r  t r a n s l a t i o n  and r o t a t i o n )  
4. To recognize tha t  remote manipulator  systems can be cascaded i n  s e r i a l ,  
manipulators  w i l l  be counted ou t  f rom t h e  major support  s t r u c t u r e ,  s t r o n g  back, 
e t c .  , on t h e  Space S ta t i on ,  OMV, e tc .  
5. Thus, two arms i n  cascade ( s e r i a l  ) would have the  one at tached t o  the  
S ta t i on ,  OMV, etc., c a l l e d  Level 1 and t h e  nex t  one Level 2. 
6. 
system t h a t  performs the  p o s i t i o n i n g  r o l e ,  b u t  i s  incapable o f  per forming any 
task f u n c t i o n  such as grappl ing,  welding, a t tach ing ,  e t c .  
The manipulator assembly i s  de f i ned  as t h a t  p a r t  o f  t h e  remote manipulator  
7. 
performs a task func t i on  o r  prov ides an i n t e r f a c e .  
8. 
n o t  consi  dered manipulator p o s i t i o n i n g .  
The end assembly associated w i t h  a p a r t i c u l a r  l e v e l  o f  manipulator  e i t h e r  
The small  adjustments i n  l o c a t i o n  below t h a t  poss ib le  by t h e  manipulator  a re  
9. 
and i s  one o f  three types: 
The end assembly w i l l  be de f i ned  as t h a t  s t r u c t u r e  which performs func t i ons  
(1) Simple 
( 2 )  Compound 
( 3  1 Complex (Sys tem)  
Simple A s imple End Assembly cons is t s  o f  a d i r e c t  connect ion o f  
Element (SSPE) but  does n o t  r e p a i r  o r  modify i t . 
(1) Holders - Devices t o  hold, p o s i t i o n ,  o r  move a Space S t a t i o n  Program 
( a )  Snare 
( b )  Maynetic/Spring-loaded 
( c )  Grippers 
expandable 
con t rac tab l  e 
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( d )  Inflatable 
( e )  Nets 
( f )  Screw pneumatic/hydraulic 
( 9 )  Others 
( 2 )  Tools - Devices t h a t  physically act upon an SSPE t o  repair or modify 
i t .  
( 3 )  
( 4 )  
(a  We1 der 
( b )  Riveter 
( c )  
( d )  Positioner 
( e )  Pull-twist and push-twist tools 
( f  Umbilicals 
( 9 )  Other 
Sensors 
( a )  TV Cameras 
( b )  Gas Sensors 
( c )  Thermal Sensors 
( d )  Range Detectors 
(e  1 Tacti 1 e (pressure/torque) sensors 
( f )  Other 
Nut/Screw driver (Powered or Unpowered) 
Adapt e r s 
( a )  Quick change unit 
( b )  Interface plate 
( c )  Other 
Compound End Assembly - Assembly adapters/hol ders and /o r  simple End Assemblies 
b u t  no addi t i  onal manipulators. 
Complex End Assembly - One or more additional levels of man 
p l u s  End Assembly (simple, compound, or complex.) 
Compound/Complex - Composed o f  a compound end assembly hold 
(manipulator - containing) end assembly. The compound p a r t  
lowest level manipulator. 
pulator (posi tioners 1 
ng a complex 
i s  assigned to  the 
Flight Telerobotic Serivcer - The primary robotic system in the Space Station 
Program, intended t o  be supported by any of several manipulator arms o r  the OMV, 
o r  t o  be operated on the Space S ta t ion  while independent of any transport 
assembly. I t  i s  composed of three primary subsystems: A control console, the 
robot, and  the computer command and control system. 
End Effector - The f ina l  assembly that performs the task function. 
Def in i t ion  Pertinent t o  End Assemblies: 
(1)  Degree o f  Freedom: 
which motion can be obtained. 
The number o f  rotational o r  translational axes through 
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( 2 )  Holders:  
s i t e  (JPL/Mishkin and Jau 12/10/85). 
Holders p h y s i c a l l y  grasp and manipulate ob jec ts  a t  t h e  work 
( a )  Grippers:  Holders w i t h  clamping c a p a b i l i t i e s  i n  one d i r e c t i o n  o r  i n  
(JPL/Mishkin and Jau). one plane on ly .  Gr ippers are a clamping device on ly  
( b )  M u l t i  D.O.F. Holders: Possess more than one D.O.F. b u t  do n o t  have 
manipulat ive c a p a b i l i t i e s .  (JPL/Mishkin and Jau). 
( c )  Manipulat ive Holder: A hand- l ike man ipu la t i ve  device. 
( d )  Smart hands: Holders capable o f  recogn iz ing  some o f  t h e i r  
environment, l oad  cond i t i ons ,  and clamping c h a r a c t e r i s t i c s  (JPL/Mishkin 
and Jau). 
( e )  Qu ick  change u n i t :  The device which couples the  end assembly t o  the  
manipulator  arm p e r m i t t i n g  t h e  c a p a b i l i t y  t o  change end e f f e c t o r s  i n  f l i g h t .  
(Adapted from LEMSCO-21012). 
I II. REQUIREMENTS 
I n  o rde r  t o  develop any s t ra tegy  w i t h  respect  t o  end e f f e c t o r s ,  t h e  Space 
S t a t i o n  func t i ons  t h a t  r e q u i r e  them must be i d e n t i f i e d .  
compl icated by t h e  f a c t  t h a t  many o f  t h e  program requirements a re  h igh  l e v e l  and 
a t  l e a s t  some o f  t he  end e f f e c t o r s  r e q u i r e d  t o  support  a p a r t i c u l a r  f u n c t i o n  must 
be de r i ved  by inference. 
The l a t t e r  i s  
Ch ie f  among t h e  documents t h a t  would be expected t o  con ta in  requirements 
f o r  end e f f e c t o r s  i s  t he  Program D e f i n i t i o n  and Requirements Document, PDRD, 
which i s  the m a j o r  governing source. The PDRD i s  composed o f  a s e r i e s  o f  
c o n t r o l l e d  documents which c o n s t i t u t e  program p o l i c y  and backing them up a re  t h e  
Data Books, which a re  n o t  program p o l i c y .  
at tempt t o  e x t r a c t  requirements f i r s t  from the  PDRD, then from pending Change 
Requests, CR's, and then from the Data Books, and i n  t h a t  order. 
t h e  pedigree f o r  t h e  requirement has been r e t a i n e d  so t h a t  i t s  s ta tus  w i t h  
respect  t o  program base1 i ne i s c l e a r .  
The approach o f  t h i s  study has been t o  
A t  each stage 
I t  should be recognized t h a t  t he  process o f  developing t h e  PDRD i s  n o t  
uni form, and, f o r  var ious reasons, some areas a re  l e s s  w e l l  developed than 
others.  Note i s  taken o f  t he  unevenness t o  emphasize t h e  f a c t  t h a t  t he  r e s u l t s  
o f  a study l i k e  t h i s  w i l l  r e q u i r e  recons ide ra t i on  f rom t ime  t o  t ime as t h e  PDRD 
becomes a un i  f ied whole. 
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A f t e r  i d e n t i f i c a t i o n ,  t h e  conceptual end assemblies imp l i ed  o r  s t a t e d  i n  t h e  
requirements sources, were p a r t i t i o n e d  a long t h e  l i n e s  o f  the  c lasses o f  Simple 
End Assemblies: Holders, Sensors, Adapters, and Tools. W i th in  the  Holders, a 
subd iv i s ion  was made t h a t  recognized t h e  somewhat i n s t i t u t i o n a l  r o l e  t h e  s tandard 
end e f fec to r ,  SEE, and t h e  standard grapple f i x t u r e ,  SGF, have p layed i n  p a s t  
p r a c t i c e  and a re  l i k e l y  t o  p lay  i n  the f u t u r e .  
I n  f a c t ,  the  PDRD and Customer Serv i c ing  Requirements Data Book JSC 30222 
con ta in  several  re ferences t o  t h e  SGF as t h e  pr imary i n t e r f a c e  p o i n t  between 
Space S t a t i o n  MRMS: 
Hubbl e Space Telescope 2.2.1.1.6.B 
Space I n f r a r e d  Telescope Faci  1 i ty  2.2.2.1.8.B 
Advanced X-Ray Astronomy Faci  1 i ty  2.2.3.1.6.8 
Gummor Ray Observatory 2.2.4.1.6.B 
So la r  Maximum Miss ion  2.2.5.1.6.B 
3 3 K 1  7 R  
L. L. V. I . ,  .” Cnara C+afinn C n a r f a n  “ Y ” b L  “ ~ U ~ . I V I I  “ Y ” ’  C U I ,  
The degree t o  which the  above in f luences  the  requirements f o r  end assemblies 
w i l l  be ev ident  i n  t h e  data t o  be presented i n  t h e  var ious  end assembly 
categor ies.  
Holders - (SGF Compatible) 
Requirements taken f rom PDRD 
2.1.2.4.3.10. E ELECTRICAL POWER FOR PAYLOADS 
The MRMS s h a l l  be capable o f  p rov id ing  a t  l e a s t  TBD kW o f  e l e c t r i c a l  energy 
across t h e  MRMS-to-payload i n t e r f a c e .  
Vol tage and frequency s h a l l  be TBD. 
Peak power s h a l l  be a t  l e a s t  1.8 kW. 
Discussion: Spacecraf t  t o  be serv iced may be t o o  l a r g e  t o  be c a r r i e d  by t h e  SGF 
End w h i l e  at tached t o  the  t ranspor te r ,  o r  may r e q u i r e  power w h i l e  be ing handled. 
assembies must be capable o f  supply ing 1.8 kW peak t o  payloads. 
2.1.2.4.3.2.3 HOLDING FIXTURES 
For  t h e  user  systems and ORU c a r r i e r s ,  t h e  r e s t o r a t i o n  c a p a b i l i t y  s h a l l  
i nc lude  h o l d i n g  and hand l ing  f i x t u r e s  which a re  compat ib le  w i t h  STS payload 
t runnions,  f l i g h t  support  system f i t t i n g s ,  and grapple f i t t i n g s .  
Discussion: 
must have grapple f i x t u r e s  and, i f  t h a t  i s  so ,  t he re  must be a Holder end 
assembly capable o f  opera t ing  w i t h  the SGF and where exchange from 
This  sec t i on  imp l i es  t h a t  user  systems and ORU c a r r i e r s  
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manipulator t o  manipulator or f ixtures i s  involved, both must be capable of 
handling the SGF. 
required on a l l  manipulators or recipients of ORU's, service, e tc .  and multiple 
SGF's on ORU's. 
This a lso means that  an SEE or  other SGF-compatible holder i s  
3.5.1.3.3 GRAPPLE FITTINGS 
The Space S t a t i o n  shall have the capability t o  mechanically attach 
free-flying s a t e l l i t e s  for  handling u s i n g  the STS grapple f i t t i n g s  on the 
pay1 oads. 
Discussion: Holders will be provided on a l l  Space S t a t i o n  Systems which are 
involved with free-flyers t h a t  have SGF's, and the free-flyers are not required 
t o  have any other type o f  interface t o  Space Station t o  guarantee mechanical 
attachment. 
Requirements taken from Change Requests 
2 .2 .5  MANIPULATOR OPERATIONS 
2.2.5.1 The MRMS shall be capable of removing the contents of the Orbiter cargo 
bay while the NSTS i s  attached t o  the S t a t i o n  and  provide delivery access t o  any 
external p o r t i o n  of the Station. 
Discussion: 
SGF t h a t  the NSTS uses. 
This implies t h a t  the end assembly must be capable of grappling the 
2.2.5.6. The MRMS shall be the primary method of berthing the log is t ics  modules 
t o  a Station port .  An a l ternate  method shall be provided. 
Discussion: 
grappling. 
To ber th  the Logistics Module, the MRMS must provide means f o r  
Since i t  came out of the NSTS, the interface must be an SGF. 
2.2.5.8 The MRMS shall be capable of retrieving, berthing, and deploying 
free-flying vehicles having the required standard grapple fixture(s1.  
Discussion: 
berthing, and deploying free-flying vehicles. 
This requirement implies t h a t  an SGF i s  needed for  retrieving, 
2.1.9.11.2 A l l  ORU's instal led in non-pressurized areas shall be designed t o  be 
compatible with EVA and remote manipulating device operations. 
Discussion: 
simul taneocis ORU cornpati b i  1 i ty with EVA. This dual requirement imp1 i e s  a 
definition a n d  assessment of Holder options such as SGF's on ORU's, EVA handles 
on ORU's, o r  EVA-Holder compatibility, e tc .  This also opens u p  the question o f  
size  o f  ORU's or O R U  car r ie rs  and  the whole area of SGF's, ORU's, and  O R U  s i z i n g  
strategy compatible w i t h  both EVA and  remote manipulating device capabi l i t ies .  
This CR requires compatibility of Holders w i t h  ORU's a n d ,  
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Requirements taken from Data Books 
Pages 4H-8,4H-1OY4H-12 and 4H-23 o f  t h e  Data Books show the  hardware schematic 
f o r  t h e  s o l a r  Alpha J o i n t ,  Beta Jo int ,  coarse p o i n t i n g  system (CPS) and t h e  
Radiator  Rotary J o i n t ,  respec t i ve l y .  
These schematics are reproduced i n  Appendix A. 
A l l  t h e  schematics show the  use o f  t h e  SGF. 
Holders - General Types 
Reaui rements taken from PDRD 
2.2.2.2.2.2.8 MOBILE FOOT RESTRAINT (MFR) 
Each MFR s h a l l  be p o s i t i o n a b l e  and s h a l l  support,  w i t h  s u i t a b l e  r e s t r a i n t ,  one 
pressure-sui  t e d  ast ronaut  w i t h  suppor t ing EVA equipment. Two MFR I s  are  required. 
Discussion: 
Holder, o r  perhaps even end assembly, t h e  MFR i s  nevertheless a f l i g h t  q u a l i f i e d  
dev ice which performs an end assembly r o l e  i n  c a r r y i n g  t h e  ast ronaut .  
r o l e  f o r  t he  MFR, which may be more extens ive than i s  supportable by t h e  c u r r e n t  
device, must be considered. 
Even though a t  f i r s t  glance t h e  MFR might  n o t  be considered a 
The f u t u r e  
2.2.5.2 A Manipulator  Foot Res t ra in t  (MFR) compat ib le w i t h  the  MRMS s h a l l  be 
provided. 
Discussion: As noted above the MFR has a p o t e n t i a l  r o l e  considerably  beyond t h e  
simple device i t  represents today. As p a r t  o f  t h e  Mobi le Serv ice Center ve rs ion  
o f  t h e  MRMS, t he  MFR plays a r o l e  o f  Contro l  Center f o r  t h e  MSC and thus has 
complex i n t e r f a c e s  w i t h  the manipulator arm. 
2.2.2.2.2.1.A ASSEMBLY 
The MRMS s h a l l  support the Space S t a t i o n  assembly by p r o v i d i n g  support  f o r  
i n i t i a l  t r u s s  const ruct ion,  p rov id ing  t r a n s p o r t  o f  c o n t r u c t i o n  elements, 
p r o v i d i n g  autonomous 
t o  TBD hours, and by p r o v i d i n g  Mobile Foot R e s t r a i n t s  (MFR's) f o r  ast ronaut  
support  o f  assembly tasks. 
Discussion: 
s t r u c t u r a l  members , e i t h e r  i n  cases o r  i n d i v i d u a l  l y  . 
SGF compat ib le o r  non-SGF compatible. C a r r i e r s  f o r  s t r u c t u r a l  elements m igh t  
have SGF's, b u t  i n d i v i d u a l  elements might  be more e f f e c t i v e l y  handled by 
g r i p p e r - l i k e  small  holders.  
f ins/elements might n o t  be capable o f  suppor t ing an i n t e g r a l  SGF, and might  
need e i t h e r  a quick disconnect adapter-holder o r  ho lde r  capable o f  grasping w i t h  
s imp le r  means such as Velcro o r  magnetic. 
operat ion independent o f  Space S t a t i o n  power f o r  per iods up 
Support f o r  t r u s s  cons t ruc t i on  impl i e s  t h e  a b i l i t y  t o  h o l d  
Hol ders a re  impl i e d  e i t h e r  
Also, c e r t a i n  s t r u c t u r a l  elements such as r a d i a t o r  
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3.2.4 DEPLOYMENT, ASSEMBLY, AND CONSTRUCTION 
The Space Sta t ion  Program (SSP) w i l l  p rov ide  suppor t  c a p a b i l i t y  f o r  
cons t ruc t ion ,  assembly, and deployment which i m p l i e s  p r o v i d i n g  payload se rv i ce  
devices such as manipulators,  Manned Maneuvering Un i t  (MMU) ' s ,  Ex t raveh icu la r  
A c t i v i t y  (EVA) capab i l i t y ,  and standard t o o l  k i t s .  The manned element w i l l  have 
f a c i  1 i t i e s  t o  support t h e  assembly and disassembly of 1 arge s t ruc tu res  i n c l  ud ing  
attachment prov is ions,  a s torage area f o r  components, a remote manipulator  
system, and o r b i t a l  maneuvering system. Power, thermal,  and data system 
i n t e r f a c e s  w i  11 be a v a i l a b l e  t o  t h e  pay1 oad undergoing assembly o r  d i  sassernbly. 
The p la t fo rms  w i l l  a l s o  be designed t o  f a c i l i t a t e  o n - o r b i t  assembly and 
d i  sassembly . 
Discussion: General requirement f o r  ho lders  t o  suppor t  assembly as w e l l  as 
standard t o o l  k i t .  
3.2.8 P R O X I M I T Y  OPERATIONS 
Pay1 oads capable o f  maneuvering themsel ves may propel  themselves t o  and 
from t h e  s t a t i o n ;  however, they s h a l l  n o t  operate w i t h i n  zone 1 ( a 1 km sphere 
about the  space s ta t ion .  
payloads i n  and o u t  of zone 1. 
Discussion: 
may be i n  add i t i on  t o  t h e  SGF, s ince  some payloads may n o t  have t h e  SGF 
(uncooperat ive spacecraf t  o r  damaged spacecraf t  o r  tumbl ing  spacecraf t ,  e tc .  
The OFlV o r  crew w i t h  a MMU w i l l  be used t o  b r i n g  
Requirement f o r  capture device compat ib le  w i t h  EVA-MMU and OMV which 
2.1.2.4.3.10.B GRAPPLING 
The MRIilS sha l l  be capable of grapp l i ng  a payload hav ing  mot ion as s p e c i f i e d  
i n  paragraph 2.2.2.2.1.4. 
t h e  p o s s i b l i l i  t y  o f  mot ion about several  axes o r  d i rec t ions- -an  unstable 
spacecraf t .  1 
Discussion: 
tumbl ing  o r  d isabled spacecraf t  i s  required--such as a n e t - l i k e  o r  c o l l a r i n g  end 
assembly t h a t  can be operated remotely t o  reduce t h e  p o t e n t i a l  hazard t o  an 
as t ronaut  i n  EVA. 
[Paragraph 2.2.2.2.1.4 r e f e r s  t o  a spacecra f t  hav ing  
Some s o r t  o f  end assembly capable o f  a t t a c h i n g  t o ,  and despinning 
2equirements taken from Change Requests 
2.2.5.2 A Manipulator Foot  Res t ra in t  (MFR) compatible w i t h  t h e  MRMS s h a l l  be 
provided. 
Discuss ion:  A s  noted above t h e  MFR has a p o t e n t i a l  r o l e  considerably  beyond t h e  
simple device i t  represents  today. As p a r t  o f  t h e  Mobi le  Serv ice Center ve rs ion  
o f  t h e  MRMS, t h e  MFR p lays  a r o l e  o f  Contro l  Center f o r  t h e  MSC and thus has 
complex i n te r faces  w i t h  the  manipulator  arm. 
Requirements taken from Data Books 
Page 2A-300 of the Data Books shows an assembly method o f  t he  Space S t a t i o n  (See 
Appendix A). An MSC/MRMS work s t a t i o n  t o  c o n t r o l  assembly near the  work area i s  
imp l i ed .  
cameras, sensors, e tc .  would be c l a s s i f i e d  as a compound end assembly. 
holders a re  needed f o r  t h e  assembly manipulator  t o  
of the assembly such as tubes, nodes and grapple 
This  work s t a t i o n  hav ing a v a r i e t y  o f  devices such as con t ro l s ,  TV 
Also, 
s p e c i a l l y  shaped end assembly 
handle the  var ious components 
f i x t u r e s .  
Page 4K-55 o f  the Data Books 
i m p l i e s  a requirement f o r  var 
t o o l  s , sensors (See Appendi x 
s a reference t o  t h e  Space S t a t i o n  assembly and 
ous special  type end assemblies such as holders,  
1. 
i s  made, i n t e r c h a n g e a b i l i t y  and quick disconnects would be requ i red  on o r b i t  t o  
e f f i c i e n t l y  sw i t ch  between t h e  var ious assembly task and minimize the  assembly 
time. 
Whereas no s t rong  d e f i n t i o n  o f  t he  end assembly 
Sensors 
Requirements taken f rom PDRD 
2.1.2.4.1.2.1 INSPECTION 
The SSP s h a l l  p rov ide  t h e  c a p a b i l i t y  f o r  i n s p e c t i o n  o f  user systems e i t h e r  
remotely o r  by EVA. 
D i  scussion: Thi s PDRD e n t r y  i n d i c a t e s  t h a t  sensor end assemblies a re  requ i  red. 
I nspec t i on  can be con tac t  (u l t rason ic ,  X-ray, sonic, temperature, v i b r a t i o n ,  
e t c .  1 o r  non-contact ( t e l e v i s i o n ,  gas sensors, i l l u m i n a t o r s ,  r a d i a t i o n  
detectors ,  e tc . )  MRMS would apppear t o  be the  c a r r i e r ,  b u t  EVA astronaut,  OMV, 
o r  remote f l y i n g  EMU might  e q u a l l y  serve equa l l y  as w e l l .  
2.2.4.2.3.4 LEAK DETECTION [Thermal Contro l  System] 
A method f o r  detect ing,  i s o l a t i n g ,  and r e p a i r i n g  leaks w i t h i n  the  system 
s h a l l  be provided. 
Discussion: 
de tec t  leaks i n  thermal c o n t r o l  system (TCS) ammonia and a method f o r  r e p a i r i n g  
( i  .e. , Tool - type end assembly). 
Detect ing,  i s o l a t i n g ,  and r e p a i r i n g  imply  the  need f o r  sensors t o  
2.2.2.2.2.2.9 V I D E O  AND LIGHTING 
The MRMS s h a l l  supply video and l i g h t i n g  t o  support  hand l i ng  o f  payloads, 
f o r  precapture i n s p e c t i o n  o f  payloads, f o r  remote v iewing o f  EVA work, and f o r  
remote i n s p e c t i o n  of p a r t s  o f  t he  Space S t a t i o n  f rom the  I V A  s t a t i o n .  
imaging, l a s e r  ass i s ted  or  conventional l i g h t i n g ,  thermal imaging, gas sensing, 
e t c .  1 precapture inspect ion.  
2.1.2.4.1.2.1 above. 
Discussion: A c l e a r  requirement f o r  i l l u m i n a t i o n  and video (mu1 t i s p e c t r a l  
This requirement i s  f u r t h e r  support  t o  paragraph 
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Reaui reinents taken from Chancre Reauests 
2.8 A "bar-code reader" type device s h a l l  be p rov ided  which s h a l l  a l l o w  f o r  
automatic reading o f  t he  l a b e l  system. 
Requirements Document (OOMORD. ) 
2.9 The "bar-code reader'' type device may use c o l o r  codes o r  
s o r t  o f  i n t e r p r e t a t i o n  device. (00hlORD.) 
Both o f  these a re  a requirement f o r  an assembly w i t h  i n t e g r a l  l i g h t i n g  t o  
i n t e r p r e t  codes. Such an end assembly might  be small  enough t o  be c a r r i e d  by an 
ast ronaut  o r  operated remotely, o r  both. 
On-orbi t Maintenance and Operations 
bar  codes o r  some 
2.2.5.7 The MRMS s h a l l  have c o l  1 i s i o n  avoidance capabi 1 i ty  f o r  a1 1 operat ions 
i n c l u d i n g  NSTS payload bay operat ions and operat ions w i t h i n  t h e  S t a t i o n  t r u s s .  
Discussion: A prox im i t y  sensory c a p a b i l i t y ,  probably i n t e g r a l  t o  t h e  MRMS, b u t  
p o s s i b l y  i n  t h e  f o r m  o f  an adapter o r  compound end assembly i s  requi red.  
4.8.B O r b i t a l  Support Equipment 
The statements conta in  t h e  requirement f o r  " 3 )  Diagnost ic ,  Checkout, and 
Mon i to r i ng  Equipment." 
tasks.  
This  i m p l i e s  t h e  need f o r  end assemblies t o  support  these 
Reauirements taken from Data Books 
F i r e  suppression, noted i n  paragraph "h" on page 41-18 o f  t he  Data Books, (APP. A )  
i m p l i e s  the need f o r  a remotely operated end assembly f o r  t h i s  hazardous 
operat ion.  F i r e  suppression i s  t o o  dangerous f o r  EVA and t h e  task would 
probably h e a v i l y  r e l y  on t h e  MSC/MRMS. 
sensors f o r  leak de tec t i on  i n  the  hazardous p r o p e l l e n t  areas would a l s o  be 
requi red.  Holders would have t o  be prov ided t o  handle f i r e  e x t i n g u i s h i n g  
systems. 
Remotely operated end assemblies w i t h  
Tools - Umb i l i ca l s  
Reauirements taken f rom PDRD 
2.1.2.4.3.4 FLUIDS REPLENISHMENT SYSTEM 
The SSP s h a l l  p rov ide  a TBD c a p a b i l i t y  f o r  r e p l e n i s h i n g  consumable f l u i d s .  
Hazardous f l u i d s  s h a l l  be rep len ished us ing  remotely operated equipment w i t h  
manual overr ides.  Cond i t i on ing  and t r a n s f e r  equipment s h a l l  be designed t o  




Discussion: Th is  i m p l i e s  a f l u i d  t r a n s f e r  device u m b i l i c a l  f o r  hazardous f l u  
t rans fe r ,  e i t h e r  an i n t e g r a l  end assembly o r  as an adapter, t h a t  may temporar 
detach f rom the manipulator arm o r  operate attached. 
i n t e g r a l  t o  t h e  u m b i l i c a l  end assembly o r  i nco rpo ra ted  i n  an a u x i l  
assembly. 
I n  a d d i t i o n ,  leak d e t e c t i o n  i s  imp l i ed  which can be detected 
3.2.5.2 ELECTRICAL POWER FOR PAYLOADS 
y sensors 




The OMV ( o r  OMV p l u s  i n t e r f a c e  k i t s )  s h a l l  be capable o f  prov d i n g  TBD kW 
hours o f  e l e c t r i c a l  energy across t h e  OMV t o  payload i n t e r f a c e .  
be 1.8 kW. Voltage s h a l l  be 28 v o l t s  d i r e c t  c u r r e n t  (dc.) 
Peak power s h a l l  
Discussion: 
across i n t e r f a c e .  
(SEGF) o r  a separate p o r t  f o r  u m b i l i c a l  support.  
2.2.4.2.3.1 THERMAL CONTROL SYSTEM (TCS) INTERFACES 
This  requirement i m p l i e s  need f o r  an u m b i l i c a l  t o  t r a n s f e r  power 
That i n t e r f a c e  may be t h e  Standard E l e c t r i c a l  Grapple F i x t u r e  
The thermal design s h a l l  e a s i l y  i n t e r f a c e  w i t h  equipment , modules , and 
payloads. The i n t e r f a c e  s h a l l  not ,  where p r a c t i c a l ,  r e q u i r e  making and/or 
break ing of f l u i d  connections f o r  maintenance and refurb ishment  o r  experiment 
i n s t a l  1 a t i  on. 
Discussion: Payloads may r e q u i r e  thermal c o n t r o l  e i t h e r  by supply ing heat, o r  
by removing waste heat. o f  f l u i d  connections 
may imply  a thermal u m b i l i c a l  o r  cold/hot p l a t e  end assembly. 
The "no making and/or break ing"  
Requirements taken from Change Request 
2.2.2.2.6.1 Capacity - Provide a fami ly  o f  mechanisms capable o f  accomnodating a 
range o f  connector quant i  t i e s  , s izes  , and types. 
2.2.2.2.6.2 Type o f  Operat ion - Provide remotely operated and manually operated 
u m b i l i c a l s .  
2.2.2.2.6.3 Ac tua t i on  - Remote operat ion s h a l l  be prov ided by electromechanical  
actuators .  Manual operat ions s h a l l  be compatible w i t h  EVA requirements. 
2.2.2.2.6.4 M i  sa l  ignment - M i  sa l  i gnment capabi 1 i ty  f o r  t h e  remotely operated 
u m b i l i c a l s  i s  TBD. 
Discussion: 
be needed f o r  the j o b  o f  u m b i l i c a l  operat ion.  
This i s  f u r t h e r  support f o r  t h e  requirement t h a t  end assemblies w i l l  
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2.5.1.16 Diagnost ic procedure s h a l l  i n c l u d e  p r e i n s t a l l a t i o n  checkout o f  ORU's. 
Discussion: 
DMS l i n k  ex te rna l  t o  the modules, o r  a power and communication l i n k  t o  DMS, o r  
u m b i l i c a l  end assemblies t o  power the  ORU d iagnos t i c  systems, a c t i v a t e  them, and 
l i n k  t o  DMS through the  a l ready prov ided l i n k  through t h e  end assembly. 
Requirements taken from Data Books 
2.2.2.3 Umbi l ica l  t o  OMV 
P r e i n s t a l l a t i o n  checkout of e x t e r n a l l y  s t o r e d  ORU's r e q u i r e  e i t h e r  a 
U m b i l i c a l ( s )  s h a l l  be prov ided between OMV accommodations and t h e  OMV t o  
p rov ide  power, data, and f l u i d s .  Mat ing and demating o f  t he  u m b i l i c a l  s h a l l  be 
performed r o b o t i c a l  l y  w i t h o u t  t h e  need f o r  EVA. 
Discussion: This i s  a d d i t i o n a l  support  f o r  an u m b i l i c a l  end assembly, s imple o r  
compound, t o  use w i t h  hazardous f l u i d s ,  gases, etc.,  i n  a d d i t i o n  t o  data, power, 
e t c .  
S ta t i on ,  and imp l i es  a t t e n t i o n  should be given t o  Space S t a t i o n  c o m p a t i b i l i t y  t o  
already designed r e l a t e d  systems e.g., OMV. 
An important p o i n t  i s  t h a t  t h i s  end assembly i s  f o r  OMV, n o t  j u s t  Space 
Umbi l ica l  requirements a re  g iven on pages 4H-44, 4H-45, and 4H-46 o f  t h e  
Data Books (See Appendix A). 
f o r  t r u s s  and be r th ing  connections, b u t  a l s o  may be r e q u i r e d  f o r  manipulator  
operat ions.  Hence, commonality between end assembly remotely operated 
u m b i l i c a l s  would be des i rab le.  Umb i l i ca l s  are c l a s s i f i e d  as t o o l s  s ince they 
apply push /pu l l - tw i s t  ac t i ons  and supply (modi fy)  t he  SSPE t o  which they at tach.  
As shown, remotely operated u m b i l i c a l s  a re  r e q u i r e d  
Tools - Covent ional ,  Standard, and Non-Standard 
Reaui rements taken f rom PDRD 
2.2.4.2.3.4 LEAK DETECTION 
A method f o r  detect ing,  i s o l a t i n g ,  and r e p a i r i n g  leaks w i t h i n  t h e  system 
s h a l l  be provided. 
Discussion: 
area. 
This requirement has already been noted i n  t h e  Sensor End Assemblies 
It i s  repeated here because i t  i d e n t i f i e s  t h e  need f o r  a r e p a i r  t o o l .  
2.2.4.2.1 REFAIR AND REFURBISHMENT 
A l l  r a d i a t o r s  s h a l l  be designed f o r  degradat ion l i m i t e d ,  o n - o r b i t  replacement 
o r  refurbishment.  
rep1 aceable r a d i a t o r  panel s .  
The design w i l l  u t i l i z e  heat pipes t o  a l l o w  segmented, 
Discussion: This  i m p l i e s  the  a v a i l a b i l i t y  o f  end assemblies capable o f  r e p a i r  
operat ions such as leak seal ing,  spot welding, etc. ,  and c l e a n i n g  o r  r e c o a t i n g  
operat ions.  
2.2.10.3.1.2 OBSERVATION WINDOWS 
Observation windows (exc lud ing hatch through-viewing windows) s h a l l  a l l o w  
adequate space for t h e  operat ional ,  maintenance, and r e c r e a t i o n a l  tasks by two 
crewmembers. Laboratory modules s h a l l  i nc lude  o p t i c a l  qual i ty  v iewing p o r t s .  
O p t i c a l  c h a r a c t e r i s t i c s  of a l l  windows s h a l l  be maintainable.  The t ransmiss ion 
o f  t h e  windows system s h a l l  be such as t o  p r o t e c t  t h e  crew from harmful  UV and IR 
r a d i a t i o n .  Means s h a l l  be provided t o  c o n t r o l  and minimize t h e  e f f e c t s  o f  g lare,  
and repa i  r h e p l a c e  a1 1 windows on-orbi t. 
Discussion: 
h o l  de r )  f o r  c l  eani ng and repai  r i n g  windows. 
Requires t h e  a v a i l a b i l i t y  o f  an end assembly t o o l  (and perhaps a 
Adapters 
Reaui rements taken f rom PDRD 
2.1.2.4.3.1.2 NON-STANDARD TOOLS 
Nonstandard t o o l s  r e q u i r e d  f o r  assembly and r e s t o r a t i o n  o f  payloads s h a l l  be 
prov ided by the  pay1 oad (user)  organizat ions ; t h e  Space S t a t i o n  s h a l l  suppor t  
user-provided spec ia l  s e r v i c i n g  equipment. 
Discussion: Non-standard t o o l  s imply an end assembly ho l  der o r  general purpose 
adapter t o  support  "user-provided" spec ia l  s e r v i c i n g  equipment t h a t  has most o f  
t h e  u t i l i t i e s  users a re  l i k e l y  t o  need. This i s  r e a l l y  an adapter requirement. 
Requirements taken from Data Books 
The reach envelope o f  t h e  MSC/MRMS i s  shown on pages 2A-296, 2A-297, 
and 2A-299 taken from t h e  data books. (See Appendix A )  The upper p o r t i o n  o f  
t h e  s o l a r  panels o f  t h e  Power System l i e  ou ts ide  t h e  reach envelop. 
t h e  need f o r  an extens ion end assembly (adapter t o  support  i n s p e c t i o n  and 
maintenance o f  t h e  remotely located s o l a r  panels. ) 
Th is  i m p l i e s  
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1V. TECHNOLOGY SURVEY 
?he assessment o f  t h e  cu r ren t  s t a t e - o f - a r t  f o r  end e f f e c t o r s  was developed 
by searching out past s tud ies,  t echn ica l  r e p o r t s  and i n c o r p o r a t i n g  t h e  c u r r e n t  
knowledge and awareness o f  t h e  Working Group Members. A pr imary source of 
in format ion 
repo r t s :  
was the f o l  1 owing Lockheed and Management Services Company (LEMSCO) 
1. LEMSCO-20924--"Component Survey f o r  Enhancement o f  t h e  S h u t t l e  Remote 
Mani pul a t o r  System" 
2. LEMSCO-21012--"Feasi b: 1 i t y  Study o f  Mani pul  a t o r  Termi na l  Oevi ces f o r  
Remote Mani pul  a t o r  System Enhancement'' 
These repor ts  were prepared !n November 1984, f o r  t h e  JSC Engineer ing 
D i rec to ra te ,  Systems Engineer ing D iv i s ion ,  under NASA Contract  NAS 9-15800, Job 
Order 53-529. They covered t h e  end e f f e c t o r  technology up t o  t h e  1984 per iod.  
Although these repo r t s  have been updated by Lockheed, these updated vers ions 
were no t  been received i n  t ime  t o  i nc lude  them i n t o  t h i s  study. Therefore, i t  
was necessary t o  o b t a i n  t h e  i n f o r m a t i o n  needed by contact 'ng t h e  sources 
mentioned i n  t h e  repor t .  
on some o f  t h e  end e f f e c t o r s  was no t  r e a d i l y  a v a i l a b l e  f rom t h e  contacts  and 
could not  be inc luded i n t o  t h i s  study. These end assemblies are noted i n  t h i s  
repo r t  w i t h  t h e  recommendation t h a t  they be i nco rpo ra ted  l a t e r  when t h e  
i n fo rma t ion  becomes ava i l ab le .  
Unfor tunate ly ,  due t o  t h e  t i m e  lag,  update i n fo rma t ion  
A weal th o f  data was forwarded by t h e  Working Group Members. Th's 
;nformation along w i t h  t h e  LEMSCO data was reviewed w i t h  t h e  i n t e n t  t o  l i m i t  t h e  
end assemblies selected f o r  t h e  data base t o  those r e l a t i n g  t o  and being 
c0ns;dered by NASA f o r  space app l i ca t i ons .  The purpose was t o  avoid congest ion of 
t h e  data base w i th  every end assembly on o r  proposed f o r  t h e  market now. 
end assemblies, such as f o r  i n d u s t r i a l  a p p l i c a t i o n s  and medical research, may 
have potent i a1 f o r  space a p p l i c a t i o n s  and t h e  development o f  t h e i r  technology 
needs t o  be p e r i o d i c a l l y  monitored f o r  f u t u r e  i n c l u s i o n  i n t o  t h e  data base. 




considered f o r  the S h u t t l e  o r  Space S t a t i o n  Program. 
t h a t  each end assembly f a l l  i n t o  a re  i d e n t i f i e d .  The s t a t u s  o f  each end assembly 
i s  grouped three ways. Those end assemblies t h a t  have f lown on missions 
F igures o f  these end assemblies are shown i n  
These are t h e  end assemblies contained i n  o r  be ing 
?he d e f i n i t i o n  ca tegor ies  
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o r  a re  capable of becoming f l i g h t  operat ional  w i thou t  major rework a re  c lassed as 
" F l i g h t / P r o t o f l i g h t " .  Those end assemblies t h a t  a re  s t i l l  i n  t h e  research stage 
and e x i s t  as engineer ing l a b  models a re  classed as "Eng/Lab." And f i n a l l y ,  those 
end assemblies t h a t  a re  s t i l l  concepts and have no t  been developed i n t o  
s i g n i f i c a n t  hardware are c lassed as "Concepts." 
Miss ing from Table I are several end asssemblies t h a t  are r e l a t e d  t o  t h e  
r o b o t i c s  area. 
data search, o the r  than a requirement t o  consider i t s  a p p l i c a t i o n .  Since r o b o t i c s  
i s  be ing  a c t i v e l y  researched by a l l  t h e  NASA Centers and j s  s t i l l  i n  f t s  in fancy,  
i t  i s  f e l t  t h a t  i t  was t o o  premature t o  i nc lude  r o b o t i c  end e f f e c t o r s  a t  t h i s  
t ime. As t h e  research develops an addendum t o  i n c l u d e  r o b o t i c s  could be added t o  
i n c l u d e  t h e  f o l l o w i n g :  
No i d e n t i f i e d  d i r e c t  requirements on r o b o t i c s  was found i n  t h e  
i j  Dual A r m  Manipulator 
2)  JPL Anthromorphic Hand 
3 )  ERNO Three Mu1 t i  -Jo inted F i  ngers 
4 )  Utah/MIT Dexterous Hand 
5 )  Standford U n i v e r s i t y  Hand 
6 )  MB Associates Dexterous EE 
7 )  Hobo-Tech M u l t i p l e  Prehension Manipulator System (RMPMS) 
Also m iss ing  from Table 1 a r e  several  end assemblies mentioned i n  t h e  
Lockheed LEMSCO Report f o r  which up-to-date i n fo rma t ion  was miss ing o r  very 
l i m i t e d .  The LEMSCO Report has been updated but  was n o t  a v a i l a b l e  t o  LaRC a t  t h e  
t i m e  o f  t h i s  w r i t i n g .  When t h e  repor t  i s  made a v a i l a b l e  and prov ides more d e f i n -  
i t i o n  f o r  these end assemblies, t h i s  technology assessment cou ld  be updated 
accord ing ly ,  t o  i n c l u d e  t h e  fo l lowing:  
1) U R I  Gr ipper 
2 )  U R I  Two-Claw End E f fec to r  
3 )  JPL Prototype End E f f e c t o r  
4 )  JSC Prototype End E f f e c t o r  
5 )  ERNO Docking Tool 
The f o l l o w i n g  are b r i e f  desc r ip t i ons  o f  t h e  c u r r e n t  end assembly 
technologies p a r t i t i o n e d  ' n t o  t h e  SEE and other  technology. 
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A. The Standard End E f f e c t o r  
Cur ren t l y  only two f l i g h t - q u a l i f i e d  end assemblies e x i s t :  t h e  Manipulator  
Foot Res t ra in t  and t h e  Snare End E f fec to r ,  now r e f e r r r e d  t o  i n  NSTS documents as 
t h e  Standard End E f f e c t o r  (SEE). According t o  t h e  S?S t o o l s  document (Catalog 
No. 61-104, September 1983), t h e  SEE i s  descr ibed as a hol low, l ight -gauge 
aluminum c y l i n d e r  w i t h  t h r e e  w i r e  snares w i t h  t h e  a b i l i t y  t o  capture,  re lease, 
and r i g j d i z e  a payload. The 
captured payload i s  r i g i d i z e d  when t h e  snare assembly i s  withdrawn i n t o  t h e  end 
o f  t h e  end e f f e c t o r ,  p u l l i n g  t h e  payload i n t o  f u l l  contact .  The SEE is designed 
t o  operate w i t h  a Standard Grapple F i x t u r e  (SGFO, shown i n  F igure IV.2), which i s  
designed t o  be mechanical ly compatible. 
i n t e g r a l l y  mounted e l e c t r i c a l  connector which mates w i t h  another connector on t h e  
SEE. Thus, t h e  SEE can mechanical ly and e l e c t r i c a l l y  support payload operat ions.  
?he combination o f  SEE and SGF has seen considerable use i n  space and proven t o  
be r e l i a b l e ,  e f f e c t i v e ,  and adaptable. 
A schematic o f  t h e  SEE i s  shown i n  Appendix 6.1. 
Some vers ions o f  t h e  SGF have an 
As might be expected, t h e  p o t e n t i a l  use o f  t h e  SEE t o  meet unique Space 
S t a t i o n  requirements reveals  l i m i t a t i o n s .  These i n e v i t a b l e  l i m i t a t i o n s  occur 
when a system i s  requi red t o  perform tasks f o r  which i t  was not  designed. 
Discussion w i t h  NSTS personnel has given both t h e  expected 1 i m i t a t i o n s  on 
performance f o r  the SEE and those t h a t  appear i n  ope ra t i ona l  use. F i r s t  among 
t h e  techn ica l  l i m i t a t i o n s  a re  those r e l a t e d  t o  t h e  supply o f  power through t h e  
e l e c t r i c a l  connector. NSTS can prov ide up t o  1750 W o f  e l e c t r i c a l  power a t  28 
v o l t s  DC a t  Standard I n t e r f a c e  Panel i n  t h e  payload bay. However, t h e  S h u t t l e  
Remote Manipulator SystemlSEE combination can on ly  s a f e l y  supply around 600 W ,  a 
l j m i t a t i o n  imposed by fuses and t h e  w i r i n g  harness on t h e  RMS. 
I n  a d d i t i o n ,  t h e  SEE undergoes on -o rb i t  degradat ion t h a t  i s  not  w e l l  
understood, b u t  appears t o  be r e l a t e d  t o  c l u t c h  m a t e r i a l  m o d i f i c a t i o n  and reduced 
1 u b r i  cant f unct  i on. 
The SEE has a f u r t h e r  ser ious drawback when considered f o r  d i r e c t  
a p p l i c a t i o n  t o  the Space S t a t i o n :  I t  i s  not  interchangeable on -o rb i t .  
on-orbi t i nterchangeabi 1 i t y  s e r i o u s l y  reduces t h e  op t i ons  avai 1 ab1 e f o r  end 
assembly redundancy , since t h e  possi b l  i t y  of several SSPE I s  hav;ng SEE I s  and 
shar ing them i s  questionable. 
Lack o f  
The conclusion t o  be drawn f r o m  t h e  above issues o f  inadequate power 
throughput, operat ional  deg ra t i on  o f  performance, and l a c k  o f  o n - o r b i t  
exchangeabi l i ty ,  i s  t h a t  t h e  cu r ren t  design f o r  t h e  SEE i s  not  a p p l i c a b l e  f o r  use 
on t h e  Space Stat ion.  
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B. Other Technoloav 
ManiDulator (Mobi le)  Foot Rest ra in t  ( M F R I  
The Manipulator Foot Res t ra in t  ( a l s o  designated t h e  Mobi le Foot 
Res t ra in t  j n  t h e  SSP PDRD) i s  a small  work p l a t f o r m  attached t o  t h e  o r b i t e r  
RMS by means of t h e  standard grapple f i x t u r e .  
crew member and equipment dur ing EVA tasks. The MFR/RMS combination maneuvers 
t h e  crew member t o  work s i t e s  w i t h i n  reach o f  t h e  RMS and provides p o s i t i o n i n g  
and r e s t r a i n t  f o r  accomplishment o f  t h e  assigned task. 
f l i g h t  q u a l i f i e d  end assembly 
Radiator Attachment Mechanism (RAM) 
It i s  capable o f  suppor t ing a 
?he MFR i s  a l s o  a 
The RAM i s  be ing funded under t h e  S h u t t l e  Radiator  Assembly 
Demonstration (SRAD) and w i l l  p rov ide  means by which t h e  S h u t t l e  RMS can 
a t t a c h  and re lease SRAD r a d i a t o r  elements one a t  a t ime. The RAM i n t e r f a c e s  
w i t h  t h e  RMS/SEE by means o f  a R i g i d i z e d  Sensing Grapple F i x t u r e  (RSGF) and 
i n t e r f a c e s  w i t h  the  r a d i a t o r  by means of a magnet housed i n  t h e  RAM. 
o n / o f f  o f  t h e  magnet i s  c o n t r o l l e d  by t h e  RSGF through a r i g i d i z i n g / -  
d e r i g i d i z i n g  sequence o f  t h e  RMS/SEE. 
i n s e r t  t o  p rov ide  t h e  magnetic connection. 
provides f o r  an extremely low p r o f i l e  i n t e r f a c e  f i x t u r e  on t h e  SRAD r a d i a t o r  
elements and permi ts  c lose  assembly o f  t h e  elements. 
The 
The r a d i a t o r  element conta ins a ferrous 
Radiator  assembly w i t h  t h e  RAM 
This i s  t h e  on ly  work be ing done i n  t h e  program w i t h  p a r t i c u l a r  
emphasis on assembling rad iators .  But t h e  RAM could have p o t e n t i a l  i n  o the r  
areas such as assembly o f  t russ s t r u c t u r e s  and maybe s a t e l l i t e  capture by 
u t i l i z f n g  s i m i l a r  magnetfc means. 
JEM/RMS 
The JEM/RMS i s  t he  SSPE concept being prov ided by t h e  Japanese. The 
concept u t i l i z e s  a SEE and standard grapple f i x t u r e  t h a t  would be common w i t h  
t h e  SSP/RMS. 
interchangeable through t h e  use of an adapter. 
The systems would be d i r e c t l y  interchangeable o r  i n d i r e c t l y  
Included i n  t h e  concept i s  a small  f i n e  arm connected t o  t h e  main arm 
snare end e f f e c t o r  by t h e  grapple f i x t u r e .  The small  a r m  i s  t o  p rov ide  more 
posi t ion;ng accuracy f o r  more p rec i se  tasks t h a t  are not poss ib le  w i t h  t h e  
main arm. The small  f i n e  arm concept i m p l i e s  t h a t  a small  two - f i nge r  g r i ppe r  
t y p e  end assembly w i l l  be u t i l i z e d  f o r  t h e  f i n e  tasks.  
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A lso  i nc luded  i n  t h e  concept i s  a t o o l  changer f o r  t h e  smal l  f i n e  arm. 
A m u l t i t u d e  o f  var ious  t y p e  t o o l s  can be qu ick /d i sconnec ted  t o  t h e  smal l  f i n e  
arm f o r  va r ious  assi gned tasks.  
ESA Fokker End E f f e c t o r  
ESA i s  funding a s tudy  on End E f f e c t o r  Design w i t h  t h e  Dutch f i r m  
Fokker. 
t a s k  o f  g r a p p l i n g  and moving an ORU and a secondary f u n t i o n  o f  be ing  a b l e  t o  
p i c k  up t o o l s  f o r  s p e c i a l  tasks .  The BEE a t taches  t o  a s p e c i a l l y  des igned 
g rapp le  f i x t u r e  t h a t  a l s o  may serve  as an EVA handle. 
t o  p r o v i d e  compati b i  1 i t y  between man ipu la to r  and as t ronau t  s e r v i  c i  ng. 
ever, users  o f  the system would no t  be compat ib le  w i t h  t h e  SSP un less  they  
a l s o  p rov ided  an SGF. At tached t o  t h e  e x t e r i o r  o f  t h e  BEE i s  t h e  I n t e g r a t e d  
Serv i ce  Tool which a p p l i e s  s e r v i c i n g  t o o l  t o r q u e  s i z e d  t o  be compat ib le  w i t h  
normal a s t r o n a u t  capabi 1 i t y  , aga in  i n tended  t o  p r o v i d e  cornpati b i  1 i t y  between 
man ipu la to r  and ast ronaut  s e r v i c i n g .  
Th is  study proposes a Bas ic  End E f f e c t o r  (BEE) concept w i t h  a p r imary  
The purpose o f  t h i s  i s  
How- 
Para1 l e 1  C l a w  (Two-Finger) Gr ippers  
a r e  l o o k i n g  a t  P a r a l l e l  Claw Gr ippers.  
t h e i  r g r i  ppers : 
There a r e  severa l  on-going research  programs among t h e  NASA Centers  t h a t  
These c e n t e r s  a r e  l i s t e d  below and 
a )  JPL - Smar t  Hands 
b )  LaRC - P a r a l l e l  Two-Jaw Gr ipper  
c )  MSFC - Intermesh End E f f e c t o r  
d )  MSFC - IOSS Module End E f f e c t o r  
A l l  o f  these g r i p p e r s  have two s imu l taneous ly  opening claws o f  v a r i o u s  
shapes. 
sens ing  and con t ro l s .  Accura te  p o s i t i o n i n g ,  r e p e a t a b i l i t y ,  f o r c e  c o n t r o l ,  
compliances and c o o r d i n a t i o n  among m u l t i p l e  components i s  be ing  evaluated.  
Secondary a c t i v i t i e s  i n c l u d e  l o o k i n g  a t  va r ious  shaped g r a p p l i n g  f i x t u r e s  f o r  
h a n d l i n g  mechanical dev ices,  s t r u c t u r a l  shapes and t o o l  adapters. The t o o l  
adapters  w i  11 be covered 1 a t e r  i n  t h i s  Techno1 ogy Review. 
The pr imary a c t i v i t y  o f  these g r i p p e r  s t u d i e s  i s  i n  t h e  area of 
S m a r t  hands a t  JPL i n c l u d e  t h e  OMV S m a r t  Hand w i t h  i n te rmesh ing  claws 
capable o f  sensing fo rce ,  p o s i t i o n s ,  and ra tes .  F u r t h e r  s t u d i e s  a r e  b e i n g  
made w i t h  two l a b o r a t o r y  smart hands hav ing  f o r c e  sens ing  g rasp ing  dev ices 
o t h e r  than  t h e  in te rmesh ing  claw. 
t w o - f i n g e r  grapple w i t h  32-point  t ouch  sensors over  a 1.5 square i n c h  area t o  
g i v e  f i n e  touch  s e n s i t i v i t y .  
One i s  un ique i n  t h a t  i t  u t i l i z e s  a 
LaRC's P a r a l l e l  Two-Jaw Gr ipper  i s  capable o f  sens ing fo rces ,  
p o s i t i o n s  and ra tes .  
f o r  v a r i o u s  tasks .  The p r imary  e f f o r t  i s  t o  develop c o n t r o l  programs f o r  
Langl ey I s robo t  i c research. 
It has an in te rchangeab le  s e t  o f  va r ious  shaped c laws 
MSFC I s  In termesh End E f f e c t o r  i s a p r o t o f  1 i ght  end assembly devel oped 
f o r  t h e  P r o t o f l i g h t  Man ipu la to r  A r m  (PFMA) and i s  used t o  eva lua te  and demon- 
s t r a t e  a s e t  o f  i n te rchangeab le  too l s .  A j o i n t  e f f o r t  between MSFC and JPL i s  
t h e  i n t e g r a t i o n  o f  t h e  i n te rmesh ing  claw g r i p p e r  w i t h  t h e  smart hand concept. 
The MSFC IOSS Module End E f f e c t o r  i s  a m u l t i p l e  degree o f  freedom end 
assembly t h a t  i n t e r f a c e s  w i t h  t h e  mod i f i ed  Module S e r v i c e  Tool (MST) mounted 
on t h e  I n t e g r a t e d  O r b i t a l  Se rv i ce  System (IOSS). It can a l s o  i n t e r f a c e  w i t h  
o t h e r  modules as w e l l .  
Mu1 t i  -C1 aw Gr ippers  
I n  a d d i t i o n  t o  t h e  P a r a l l e l  Claw G r i m e r s .  s i m i l a r  s t u d i e s  a re  be ing  . .  
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a )  
b )  LaRC VersaGrip I 1 1  
J o i n t  s t u d i e s  between JPL and JSC are  be ing  c 
JPL/JSC Mu1 t i  -C1 aw Grippers 
i d ou t  w i t h  3 a d 4  
c law end assemblies. Again, t h e  pr imary e f f o r t  f o r  t h e i r  s t u d i e s  i s  i n  sen- 
s i n g  and c o n t r o l s .  
which develops a p i n c h i n g  a c t i o n  o f  t h e  claws t o  grasp g rapp le  f i x t u r e s  o r  
o b j e c t s  which a r e  c i r c u l a r ,  square ( f o r  4-claw c o n f i g u r a t i o n ) ,  o r  t r i a n g u l a r  
( f o r  3 -c l  aw c o n f i g u r a t o n ) .  
Mot ion  o f  t h e  claws i s  d r i v e n  by a 4- jnch s t r o k e  p i s t o n  
Recent ly ,  LaRC awarded a con t rac t  t o  Robo-Tech Systems, Worth ington,  
Ohio, t o  work on "Cont ro l  Theory and End E f f e c t o r  Laws Using an Advanced 
M u l t i p l e  Prehension Manipulator . "  Robo-Tech w i l l  use t h e i r  VersaGr ip I 1 1  
Mu1 t i  p l  e Prehension Mechanical Hand i n  t h i s  study. Compl e t e  f o r c e  sens ing  
w i l l  be added t o  each o f  t h e  t h r e e  f i n g e r s  and l i n k e d  t o  computer c o n t r o l .  
?he Versagr ip  I 1 1  i s  capable o f  t h r e e  g r i p p i n g  p a t t e r n s  such as a wrap 
p o s i t i o n  ( f i n g e r s  in te rmesh) ,  th ree- jaw p o s i t i o n  ( t h r e e - f i n g e r s  meet a t  t i p s )  
and a two- jaw p o s i t i o n  ( two f i n g e r s  meet a t  t i p s ) .  ?he f i n g e r  sensor  o u t p u t s  
a r e  used t o  p o s i t i o n  and determine the g r i p p i n g  p a t t e r n .  The VersaGrip I11 
w i l l  be a b l e  t o  c o n t a c t  an o b j e c t  wh i l e  a d j u s t i n g  i t s  g r i p p i n g  p a t t e r n ,  t o  
grasp t h e  o b j e c t  o r  t o  m a i n t a i n  a c o n t r o l l e d  p r e h e n s i l e  fo rce .  
NASA Tool Eva1 u a t  i ons 
Coord ina ted  w i t h  t h e  above g r ippe r  s t u d i e s  by t h e  NASA Centers  a r e  
e f f o r t s  t o  i n t e g r a t e  t o o l  assemblies w i t h  t h e  g r ippe rs .  
b e l  ow: 
These a r e  l i s t e d  
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a )  LaRC Quick Tool Change Mechanisms 
b )  
c )  MSFC Rotary  Power Tool 
MSFC In termeshi  ng G r i  pper Tools 
d )  MSFC Umb i l i ca l  Coupl ing Tool 
LaRC i s  e v a l u a t i n g  t h e  t o o l  g rasp ing  c a p a b i l i t i e s  of t h e i r  p a r a l l e l  
two j a w  g r ippe r ,  ?he g r i p p e r  can handle a r a t c h e t  dev ice  u s i n g  m a n i p u l a t o r  
a r m  w r i s t  mot ion bu t  t h e  to rque i s  l i m i t e d  w i t h  t h i s  method. To inc rease 
to rque  capabi 1 i t y  t h e  two-jaw g r i  pper mechanism was removed and rep1 aced w i t h  
a r o t a r y  to rque  motor assembly. Th is  system inc ludes  a t o o l  rack t o  h o l d  
va r ious  qu ick  disconnect t o o l  elements t h a t  can be p i cked  up by t h e  to rque  
motor assembly when i t  i n s e r t s  a match ing qu ick-d isconnect  mechanism i n t o  t h e  
t o o l .  
MSFC i s  e v a l u a t i n g  severa l  t o o l  concepts. Spec ia l  purpose t o o l s  have 
been made up t h a t  can be grasped by t h e  In termeshing End E f f e c t o r .  
Spec ia l  Purpose Tool has i t s  own s e l f  a l ignment  e l e c t r i c a l  connector  male 
probe which au tomat i ca l l y  a l i g n s  i t s e l f  w i t h  a match ing female e l e c t r i c a l  
connector  mounted on t h e  In termeshing End E f f e c t o r .  
t o  opera te  t h e  t o o l  i s  passed across t h e  i n t e r f a c e .  
The 
Thus, t h e  power r e q u i r e d  
The MSFC Rotary  Power Tool was designed t o  accept d c f f e r e n t  c o l l e t s  
f o r  d i f f e r e n t  s i z e  and shaped b o l t  heads. 
In te rmesh ing  End E f f e c t o r  grasps t h e  Rotary  Power Tool an e l e c t r i c a l  connector  
i s  a l s o  mated and t h e  power r e q u i r e d  t o  operate t h e  t o o l  i s  passed across t h e  
i n t e r f a c e .  
t o o l  i s  operated. 
When t h e  man ipu la to r  a r m  w i t h  t h e  
The amount o f  to rque may be remote ly  ad jus ted  be fo re  t h e  power 
The MSFC u m b i l i c a l  c o u p l i n g  t o o l  was made by m o d i f y i n g  a F a i r c h i l d  
The c o u p l i n g  sea ls  on bo th  m a l e  and f l u i d  c o u p l i n g  t o  mate w i t h  t h e  PFMA. 
female s ides  when demated and opens on bo th  s ides  when mated. 
was m o d i f i e d  by adding a c y l i n d r i c a l  adapter  t o  t h e  female s ide ,  guides and a 
g rasp ing  handle t o  t h e  male s;de which i s  grasped by t h e  In termeshing End 
E f f e c t o r .  
hand c o n t r o l l e r ,  end e f f e c t o r  c o n t r o l  and two camera views o f  t h e  ac t i on .  
Compressed a i r  t r a n s f e r r e d  th rough t h e  connect ion demonstrates t h e  mated con- 
d i t i o n .  It i s  noted t h a t  t h i s  i s  t h e  o n l y  a c t i v e  u m b i l i c a l  apparatus 
a p p l i c a t i o n  study t h a t  was uncovered by t h e  Technology Review. 
The c o u p l i n g  
?he coup l ing /decoup l ing  i s  ach’eved by remote opera t i on  u s i n g  a 
MSFC I n f l a t o r  End E f f e c t o r  
The MSFC I n f l a t o r  End E f f e c t o r  was designed t o  p rov ide  one end assem- 
It c o n s i s t s  of an b l y  t h a t  i s  b a s i c a l l y  independent o f  c o n f i g u r a t i o n  shapes. 
expandable b ladder  w i t h  a connector  t h a t  can be grasped by t h e  In termeshtng 
End E f f e c t o r .  A s e l f  a l i g n i n g  a i r  connector s i m i l a r  t o  t h e  e l e c t r i c a l  con- 
n e c t o r  i s  prov ided t o  supply t h e  a i r  r e q u i r e d  f o r  i n f l a t i o n .  Once i n s e r t e d  
i n t o  a c o n f i g u r a t i o n ,  t h e  i n f l a t e d  b ladder  takes t h e  c o n f i g u r a t i o n  shape. 
Also,  a l a r g e  p o s i t i o n s n g  e r r o r  i s  a l l owab le  due t o  t h e  l a r g e  expansion r a t i o .  
Th is  t y p e  o f  end e f f e c t o r  would be use fu l  i n  assembly ope ra t i ons  whenever 
var ious  shaped components a r e  pu t  together .  
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Module S e r v i c e  Tool 
The Module Serv i ce  Tool (MST) i s  a s e l f - c o n t a i n e d  hand t o o l  f o r  use i n  
i n s t a l l i n g  and removing s tandard  M u l t i m i s s i o n  Modular Spacecra f t  (MMS) 
subsystem modules t o  sSrnpl i fy on-orbi t maintenance and r e p a i  r opera t i ons  and 
t o  reduce t h e  t i m e  r e q u i r e d  f o r  the performance of EVA. The MST i s  des igned 
t o  loosen and t i g h t e n  MMS module fasteners.  It p rov ides  a means f o r  l o c k i n g  
i n t o  t h e  modules i n  a manner which p reven ts  t o r q u e  back lash  on t h e  EVA 
as t ronau t  . 
Uni versa1 S e r v i c e  Tool system (USTS 1 
?he Un ive rsa l  Se rv i ce  Tool System i s  a concept developed by SPAR t o  
p r o v i d e  va r ious  t o o l  systems t o  be a t tached  t o  t h e  RMS/SEE. It c o n s i s t s  o f  a 
g rapp le  f i x t u r e  adapter  w i t h  a power d r i v e  assembly t h a t  accepts  va r ious  t o o l  
assemblies. The concept a l s o  has t h e  p o t e n t i a l  o f  adap t ing  va r ious  t ypes  o f  
end assemblies t o  t h e  RMS/SEE. 
S a t e l l i t e  R e t r i e v a l  
Cap tu r ing  and s topp ing  the  mot ions  o f  a s a t e l l i t e  t u m b l i n g  f r e e l y  
a long  a l l  t h r e e  axes i s  a s p e c i a l  problem. Several concepts have been brought  
f o r t h  t o  accompl ish these. They a re  t h e  f o l l o w i n g :  
a )  
b )  
c )  
( d )  
( e  1 
The 
Westar Sate 
t a t i n g  a x i s  
Westar Sate  
Lockheed AKM Capture Device (ACD) 
Trunnion P i n  Attachment Device 
Probe Capture Device 
I n f l a t a b l e  Capture Devices 
Clamping Capture Device 
Lockheed AKM Capture Device (ACD) has been used t o  cap tu re  t h e  
l i t e .  The ACD i s  a probe dev i ce  t h a t  i s  i n s e r t e d  i n t o  t h e  r o -  
o f  t h e  s a t e l l i t e  and u t i l i z e s  f r i c t i o n  t o  s low i t  down. F o r  t h e  
l i t e  Opera t ion  t h e  major r o t a t i o n  was slowed f rom Earth. The 
as t ronau t  u s i n g  t h e  MMU f l e w  t o  the  s a t e l l i t e  and i n s e r t e d  t h e  ACD probe. 
The Trunnion P i n  Attachment dev ice was developed f o r  t h e  So la r  Maximum Repa i r  
M iss ion .  It i s  mounted on t h e  MMU and p rov ides  a means f o r  EVA at tachment  of  a 
g rapp le  f i x t u r e  t o  a s a t e l l i t e  Trunnion Pin. 
t h a t  have n o t  been developed. 
so t h a t  t hey  can be h e l d  by t h e  RMS/SEE. 
The Probe, I n f l a t a b l e  and Clamping cap tu re  dev ices  a re  a l l  concepts 
They a r e  a l l  c o n f i g u r e d  w i t h  a g rapp le  f i x t u r e  
The Probe Capture Device i s  i n tended  t o  be i n s e r t e d  i n t o  t h e  r o t a t i n g  
a x i s  o f  t h e  s a t e l l i t e  and uses r e t r o - a c t u a t i o n  (exhaust  o f  N p  t a n k s )  t o  
coun te rac t  t h e  r o t a t i o n  of t h e  sate1 l i t e .  
22 
The I n f l a t a b l e  Devices a r e  donut shaped r i n g s  t h a t  a r e  e i t h e r  s l i p p e d  
over  o r  wrapped around t h e  s a t e l l i t e  loose ly .  Then i n f l a t a b l e  r i n g s  a re  ex- 
panded t o  hug and contac t  t h e  r o t a t i n g  s a t e l l i t e .  
t o  r o t a t e  w i t h i n  t h e  capture  dev ice  housing u n t i l  brakes a re  a p p l i e d  t o  s low 
and s t o p  t h e  r o t a t i o n .  
The i n f l a t e d  r i n g s  a re  f r e e  
The clamping concepts a r e  dev ices t h a t  open and c l o s e  around t h e  
s a t e l l i t e ,  and p u l l  i t  up aga ins t  f r i c t i o n  dev ices such as brush r o  l e r s  t o  
de an MRMS 
slow i t  down. 
MSC Work S t a t i o n  
The MSC i s  a proposed concept f o r  t h e  Space S t a t i o n  t o  prov 
Work P la t fo rm.  L i k e  t h e  MFR, t h e  MSC cou ld  a t t a c h  t o  t h e  RMS/SEE and p r o v i d e  
a f o o t  r e s t r a i n t  f o r  t h e  as t ronaut ,  b u t  i n  a d d i t i o n  t h e  as t ronau t  would 
m a i n t a i n  c o n t r o l  o f  t h e  MSC r a t h e r  than  depend on I V A  c o n t r o l .  The MSC c o u l d  
a l s o  have t h e  p o t e n t i a l  o f  be ing  t h e  EVA c o n t r o l  cen te r  f o r  t h e  RMS. Such a 
system would allow t h e  as t ronau t  t o  s tand back a t  a sa fe  d i s tance  and c o n t r o l  
t h e  RMS d u r i n g  hazardous opera t ions  such as f u e l  t rans fe rs .  
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A f t e r  t h e  s e t  of requi rements has been assembled and t h e  techno logy  has 
been surveyed, two ques t ions  must be answered. 
fundamental techno logy  t h a t  must be worked t o  enable c e r t a i n  requi rements t o  be 
met, and secondly ,  i s  t h e  technology a l r e a d y  i n  hand adve rse ly  a f f e c t e d  by 
un ique Space S t a t i o n  system l e v e l  c o n s t r a i n t s ?  The l a t t e r  ques t i on  r e v o l v e s  
a lmost  e x c l u s i v e l y  around t h e  major  r o l e ,  c l e a r l y  e v i d e n t  f rom t h e  r e q u i r e -  
ments, t h a t  t h e  SEE and SGF a r e  expected t o  p l a y  i n  t h e  Space S t a t i o n  Program. 
F i r s t ,  i s  t h e r e  new, 
There fore ,  t h i s  s e c t i o n  has two p a r t s :  
A. General Technol oyy vs . Requi rements Assessment 
9. Standard End Ef fec to r - -Spec ia l  Cons idera t ions  
The f i n a l  r e s u l t  o f  t h i s  s e c t i o n  w i l l  be a d e l i n e a t i o n  o f  t h e  major  i s s u e s  
a f f e c t i n g  end e f f e c t o r s  f o r  Space S t a t i o n  as they  appear i n  t h e  c u r r e n t  s t a t e  
o f  t h e  major  program documents and t h e  s u p p o r t i n g  s t u d i e s  t h a t  have been done 
t h u s  fa r .  The caveat  t h a t  was noted e a r l i e r  i s  wor th  r e p e a t i n g  here:  The 
completeness o f  t h e  conc lus ions  drawn depend h e a v i l y  on t h e  u n i f o r m i t y  w i t h  
which t h e  program as a whole i s  de f ined and t h e  degree t o  which t h a t  d e f i n t i o n  
i s  r e f l e c t e d  i n  t h e  o f f i c i a l  and suppor t i ng  documents. 
A. General Techno1 o w  vs.  Reaui rements Assessment 
I n  f i g u r e  1 t h e  r e s u l t s  o f  t h e  match ing o f  b a s i c  end assembly techno logy  
t o  s t r a i g h t  requ i rements  a r e  shown i n  m a t r i x  form. 
Across t h e  t o p  o f  t h e  m a t r i x  are shown, i n  abb rev ia ted  form t h e  t ypes  o f  
end assemblies d e r i v e d  f rom t h e  requi rements i n  Sec t i on  111. 
assemblies a r e  grouped as Holders,  Sensors, Tools, and Adapters. 
a long  t h e  s i d e  rep resen ts  t h e  a v a i l a b l e  techno log ies  taken  f rom t h e  Technology 
Survey i n  S e c t i o n  I V ,  w i t h  o n l y  those dev ices  o r  concepts s e r i o u s l y  proposed 
f o r  space use inc luded.  
The end 
The l i s t  
A t  t h e  bo t tom o f  t h e  m a t r i x  i s  a summary p o s i t i o n  f o r  each column o f  
requi rements.  Th is  summary p o s i t i o n  l i s t s  t h e  degree t o  which t h e  techno logy  
i s  a v a i l a b l e  f o r  use. Presented t h i s  way t h e  reader  can see a t  a g lance t h e  
match between c u r r e n t  end assembly technology versus i d e n t i f i e d  requi rements.  
It should be no ted  t h a t  a b lank  square i m p l i e s  t h a t  w i t h i n  t h e  a v a i l a b l e  
techno log ies  cons idered a c u r r e n t l y  i d e n t i f i e d  requi rement  l a c k s  any degree of  
s a t i s f a c t i o n .  
Technology Survey due t o  no p r e v i o u s l y  i d e n t i f i e d  a p p l i c a t i o n  f o r  t h e i r  
development. 
requi rements i s  n o t  d i s c e r n a b l e  w i t h i n  t h e  scope o f  t h i s  study. 
However, t echno log ies  may e x i s t  which d i d  n o t  sur face i n  t h e  
There fore ,  t h e  degree o f  development necessary t o  s a t i s f y  t h e s e  
Ho lders  
I n  t h e  area  of  Holders,  ( t h e  SEE i s  a l s o  i n c l u d e d  i n  t h e  area  o f  h o l d e r s  
b u t  w i l l  be d iscussed i n  d e t a i l  i n  a subsequent s e c t i o n )  a cons ide rab le  
techno logy  base e x i s t s  t o  suppor t  the requ i rements  and i t  i s  l i k e l y  t h a t  any 
h o l d e r  requi rement  t h a t  migh t  occur  i n  t h e  f u t u r e  w i l l  have severa l  hardware 
o p t i o n s  f rom which t o  draw. 
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The major  i s s u e  t o  be cons idered comes from t h e  non-SGF f i t t e d  elements 
i n v o l v e d  i n  assembly (a l so ,  presumably, i n  maintenance and opera t i ons . )  
be d e s i r e a b l e  t o  expect t h e  MRMS/MSC t o  suppor t  assembly i n  a very  d i r e c t  way. 
C a r r y i n g  i n d i v i d u a l  s t r u c t u r a l  elements r e q u i r e s  smal l  s c a l e  ho lde rs ,  w h i l e  
s imp ly  c a r r y i n g  con ta ine rs  o f  s t r u c t u r a l  elements migh t  r e q u i r e  n o t h i n g  more than  
t h e  JSC magnet ic  device. 
It may 
S i z e  s c a l e  i s  a lso  impor tan t  i n  t h e  h a n d l i n g  o f  ORU's. I t  i s  c l e a r  t h a t  
smal l  ORU's might  b e n e f i t  f rom t h e  ESA concept o f  an EVA compat ib le  g rapp le  
f i x t u r e ,  s i n c e  t h e  SGF may be t o o  l a r g e  f o r  a l l  e x t e r i o r  mounted ORU's 
I n  t h e  speci  a1 area o f  Standard-Grappl e-Fi xture-compat i b l  e ho lders ,  a 
complete techno logy  match e x i s t s .  The same ho lds  t r u e  f o r  end e f f e c t o r  suppor t  
f o r  EVA d u r i n g  i n t i a l  assembly, i n  t h e  fo rm o f  t h e  MFR as f a r  as t h e  requ i rements  
a r e  concerned. 
r e q u i r e d  i s  t e c h n i c a l l y  unsoph is t i ca ted .  I n  addt ion ,  Canada i s  propos ing  t o  
supp ly  an upgraded vers ion  o f  t h e  MFR, t h e  MSC Work S t a t i o n ,  which o f f e r s  
c a p a b i l i t i e s  f a r  beyond t h a t  need t o  meet t h e  requi rement  ( j u s t  f o r  i n t i a l  
assembly), and i s  c l o s e r  t o  t h e  e a r l i e r  proposed OCP. 
The requi rements a r e  i n  f a c t  q u i t e  s p e c i f i c  and t h e  suppor t  
Sensors 
As ev iden t  f rom t h e  m a t r i x ,  t h e  sensor area i s  t h e  l e a s t  matched t o  t h e  
i d e n t i f i e d  requirements. I n s p e c t i o n  o f  Space S t a t i o n ,  p a r t i c u l a r l y  as t h e  
S t a t i o n  grows i n  complex i ty ,  i s  i n t u i t i v e l y  a very  t i m e - i n t e n s i v e  t a s k  i f  done by 
EVA, p a r t i c u l a r l y  i n j u r i o u s  t o  Space S t a t i o n  p r o d u c t i v i t y ,  and p o t e n t i a l l y  
hazardous. The obvious b e n e f i t  t o  be d e r i v e d  f rom remote i n s p e c t i o n  i s  f i rmly i n  
t h e  requirements. The t ypes  o f  i n s p e c t i o n  migh t  be d i r e c t  con tac t  o r  
non-contact. The former might  be v i a  u l t ra -sound ,  s u r f a c e  
t e x t u r e ,  thermal ,  v i b r a t i o n ,  s t r e s s  and s t r a i n ,  X-rays, magnetic, e tc .  and t h e  
l a t t e r  migh t  be X-ray s t i m u l a t e d  emiss ion,  CCD-TV V i s ion ,  Gas o r  Mass 
Spectrometer l eak  de tec tors ,  l a s e r  absorp t ion ,  I R ,  r a d i a t i o n ,  e t c .  
No end assemblies under development were found whose major  purpose was 
sens ing  and, i n  f a c t ,  no end assemblies were found t h a t  had sensing as a 
s i g n i f i c a n t  minor  r o l e  o t h e r  than  t o  suppor t  t h e  o p e r a t i o n  o f  t h e  end assembly 
i t s e l f .  
p a r t  o f  t h e  Space S t a t i o n  Advanced Development Program. 
Th is  m iss ing  technology area must be cons idered a ma jor  omiss ion  on t h e  
Tools  
Two major  d i v i s i o n s  a r e  ev iden t  i n  Tool end assembl ies;  t h o s e  t h a t  supp ly  
u t i l i t i e s  ( U m b i l i l i c a l s )  and more convent iona l  dev ices.  U m b i l i c a l s  Requirements 
have been i d e n t i f i e d  f o r  u m b i l i c a l s  t o  supp ly  f l u i d s  (e. g., c ryogens,propuls ion,  
gases), e l e c t r i c a l  power, and thermal .  
r e q u i r e d  t o  be remote i n  t h e  case o f  hazardous f l u i d s ,  and i t  i s  l i k e l y  t h a t  
requi rement  would extend t o  p o t e n t i a l l y  hazardous i n t e r c o n n e c t s  of e l e c t r i c a l  
power. 
The o p e r a t i o n  o f  t h e  u m b i l i c a l s  i s  
D a t a  u m b i l i c a l s  were i d e n t i f i e d  o n l y  a t  t h e  CR l e v e l  and below, bu t  i t  i s  
c e r t a i n  t h a t  some degree of da ta  communication w i l l  be requ i red .  For  f l u i d s  
t h e r e  i s  a p a r t i a l  match i n  t h e  MSFC Umbi l i ca l  Coupl ing,  except f o r  t h e  t r a n s f e r  
o f  cryogens. 
Convent ional  Tool s 
o f  t h e  TCS Panels and u t i l i t y  runs, which i m p l i e s  some s o r t  o f  weld ing,  b raz ing ,  
o r  s e a l i n g  t o o l  a p p r o p r i a t e  t o  t h e  Ammonia coo lan t  system o r  heat  p ipes.  
i s  a p a r t i a l  match here, s i n c e  t h e  JEM i n tends  t o  have we ld ing  and b r a z i n g  
c a p a b i l i t y ,  a l t h o u g h t  t h i s  i s  concept only. Observa t ion  window re fu rb ishment  
m igh t  r e q u i r e  some s o r t  o f  i o n - s c o u r i n g  and recoa t ing ,  o r  s imp ly  a remote ly  a ided  
w<ndow exchange techn ique w i t h  i n t e r n a l  c l e a n i n g  and refurb ishment .  
i d e n t i f i e d  t o o l  f o r  t h i s  a c t i v i t y ,  and the  requi rement  i s  no t  t h a t  c l e a r - c u t .  
Convent ional  t o o l s  a r e  needed i n  the area of l eak  r e p a i r  and re fu rb ishment  
There 
There i s  no 
Adapters  
One impor tan t  requi rement  t h a t  has been i d e n t i f i e d  here  i s  t h a t  t h e  Space 
S t a t i o n  Program has committed i t s e l f  t o  suppor t  user  s u p p l i e d  s e r v i c i n g  t o o l s .  
Such a committment i s  a f a i r l y  broad one, u n d e r t a k i n g  t o  suppor t  whatever ( i t  i s  
assumed w i t h i n  reason) user  s e r v i c e  equipment t h e  user  i s  prepared t o  supply. 
t h e  very  l e a s t ,  t h i s  i s  a requi rement  f o r  adapters  t o  connect user  s e r v i c e  t o o l s  
t o  Space S t a t i o n  Elements i n v o l v e d  i n  s e r v i c i n g  use r  payloads: 
MRMSIMSC. 
A t  
Se rv i ce  Bay and 
I n  f a c t  t h i s  requi rement  extends t o  t h e  T e l e r o b o t i c  Se rv i ce r ,  and a f f e c t s  
t h e  OMV as c a r r i e r .  A l a r g e  number of the  h o l d e r s  a r e  p a r t i a l l y  a b l e  t o  suppor t  
u s e r  s e r v i c e  t o o l s ,  b u t  s i n c e  t h i s  area i s  s t i l l  w ide open, o n l y  d e f i n i t i o n  o f  
p o l i c y  can y i e l d  b e t t e r  assessment. 
B. Standard End Ef fec to r - -SDec ia l  Cons idera t ions  
As can be seen from t h e  Technology vs. Requirements M a t r i x ,  t h e  Standard End 
E f f e c t o r  (SEE) i s  capable o f  meet ing a l l  requ i rements  d i r e c t l y  assoc ia ted  w i th  
t h e  use o f  t h e  SGF. 
S e r v i c e  Bay, v i s i t i n g  space c r a f t ,  e t c .  a l l  a r e  e i t h e r  c l e a r l y  i d e n t i f i e d  as 
hav ing,  o r  expected t o  have, t h e  SGF as t h e  e lec t romechan ica l  i n t e r f a c e .  No 
o t h e r  re fe rence  t o  end assembly i n t e r f a c e s  approaches those  r e l a t e d  t o  t h e  SGF. 
By i n f e r e n c e ,  t h e  SEE i s  f a r  and away the most l i k e l y  mate t o  t h e  SGF. 
H i s t o r i c a l  precedent, f l i g h t  exper ience,  and des ign  a r e  a l l  s t r o n g  reasons f o r  
t h i s  assoc ia t i on .  
r e q u i r i n g  m a n i p u l a t i o n  (and some h o l d i n g  o p e r a t i o n s )  i s  t h e  l e a d i n g  candidate.  
User payloads, Modules, STS i n t e r f a c e s ,  ORU c a r r i e r s ,  
Wi thout  a doubt t h e  a p p l i c a t i o n  o f  t h e  SEE t o  o p e r a t i o n s  
The a p p l i c a t i o n  o f  t h e  SEE t o  t h e  Space S t a t i o n  environment, however, i s  
n o t  s t r a i g h t - f o r w a r d .  C e r t a i n  ope ra t i ona l  c o n s t r a i n t s  e x i s t  which have an 
impor tan t  b e a r i n g  on t h e  d i r e c t  a p p l i c a t i o n  o f  t h e  SEE t o  Space S t a t i o n  
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requirements.  
two a r e  i m p o r t a n t  here:  l ’ m i t e d  in-space use f o r  NSTS hardware and l a c k  o f  
requirement f o r  on-orbi  t m a i  n t a i  n a b i l  i t y  f o r  NSTS. 
personnel  o r  i n d i v i d u a l s  c l o s e l y  assoc ia ted  w i t h  t h e  development and use o f  t h e  
SEE have p rov ided  i n f o r m a t i o n  concern ing t h e  e x i s t e n c e  o f  deg rada t ion  mechanisms 
i n  t h e  SEE. The exact cause of t h e  degrada t ion  i s  n o t  known, b u t  two in fo rmed  
views have been advanced. E i t h e r  exposure t o  vacuum o r  open ing /c los ing  c y c l e s  
( r i g i d i z a t i o n  c y c l e s )  l e a d  t o  r e d u c t i o n  !n SEE performance. 
t o  500 r i g i d i z a t i o n  c y c l e s  (one view) o r  a couple weeks space exposure (another  
v iew)  t h e  SEE i s  s t r o n g l y  consfdered f o r  r e t u r n  t o  SPAR f o r  tear-down/ 
re fu rb i shmen t .  Thus, t h e  SEE, as c u r r e n t l y  b u i l t  undergoes a p r o g r e s s i v e  
degrada t ion  r e q u i r i n g  re fu rb i shmen t  t o  m a i n t a i n  a s i g n i f i c a n t  conf idence l e v e l  i n  
i t s  a b i l i t y  t o  perform r e l i a b l y .  
The NSTS environment d i f f e r s  o p e r a t i o n a l l y  i n  many respects ,  b u t  
Discuss ions w i t h  NSTS 
A f t e r  about 400 
The second p o i n t  concerns r n a i n t a ’ n a b l i l i t y .  ?he SEE i s  a t tached  t o  t h e  
w r i s t  o f  t h e  RMS and i s  covered w i t h  a thermal p r o t e c t i o n  coat.  ?he SEE i s  
a t tached  by several  b o l t s ,  some of which a r e  “hidden,” t h rough  t h e  w r i s t  j o i n t  
and threaded i n t o  t h e  SEE hack p l a t e .  I n  a d d i t i o n  connectors  and grounding 
s t r a p s  a r e  prov ided wh;ch a r e  n o t  designed f o r  q u i c k  d isconnect .  
i s  n o t  o n - o r b i t  ma in ta inab le  a t  any l e v e l .  
Thus, t h e  SEE 
The i m p l i c a t i o n s  f o r  t h e  Space S ta t ’ on  a re  impor tan t .  ?he assembly 
sequences f o r  t h e  Space S t a t i o n  i n v o l v e  e a r l y  ’nvolvement o f  S h u t t l e  RMS/SEE (no 
problem h e r e )  t r a n s f e r r i n g  a t  an e a r l y  f l i g h t  (2-3)  t o  suppor t  f rom t h e  MRMS/MSC. 
Once i n  space, an SEE on t h e  MRMS would be exposed t o  vacuum f o r  an l ’ nde f ’ n i t e  
t ime. On t h e  other  hand t h e  number o f  c y c l e s  t h e  SEE would go th rough  a r e  
s i g n i f i c a n t .  An est’mate of t h e  number of c y c l e s  f o r  t h e  SEE d u r i n g  assembly has 
been es t ima ted  f r o m  t h e  1 4  STS-Fl ight  Base l i ne  Assembly Sequence. The number 
o f  r i g i d i z a t i o n  cyc les  i s  es t ima ted  f rom t h e  l i s t  ’n f ’ g u r e  2 t o  be 443. 
Moreover, assuming t h e  r a t e  o f  2.5 c y c l e s  per  EVA hour and u s i n g  t h e  Rockwell  
Work Package-2 est imate o f  685 E V A  maintenance hours d u r i n g  assembly f rom f i g u r e  
3, y i e l d s  an a d d i t i o n a l  3424 r j g c d ‘ z a t i o n  c y c l e s  ( two majntenance r i g ’ d i z a t i o n  
c y c l e s  t o  r e p a i r  one assembly c y c l e . )  Thus, a t o t a l  o f  n e a r l y  4000 c y c l e s  w i l l  
be r e q u i r e d  d u r i n g  t h e  assembly sequence. Whereas these  numbers a r e  obv’ously 
s u b j e c t  t o  cons’derahle modi f icat ;on,  t h e  message i s  c l e a r :  e i t h e r  because o f  
t i m e  o r  c y c l e s ,  the SEE would be very much i n  need o f  re fu rb i shmen t  o r  r e p a i r  
d u r i n g  t h e  assembly sequence. 
?he conc lus ion  i s  d i f f i c u l t  t o  avo id  t h a t  t h e  c u r r e n t  Standard End E f f e c t o r  
i s  inadequate t o  do t h e  j o b  planned f o r  i t  on t h e  Space S t a t i o n .  
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C. Comparative Assessment Summary 
From t h i s  comparat ive assessment, a few major  conc lus ions  can be drawn. 
These conc lus ions  r e l a t e  t o  bo th  the a p p l i c a b i l i t y  o f  t h e  c u r r e n t  SEE t o  t h e  
Space S t a t i o n  Program and t o  t h e  need f o r  new end assembly technology t o  meet 
Space S t a t i o n  requirements.  
1. 
e f f e c t o r ,  capable o f  meet ing Space S t a t i o n  requirements.  
There a re  no F l i g h t - Q u a l i f i e d  End E f f e c t o r s ,  i n c l u d i n g  t h e  SPAR snare end 
2. With regard  t o  assembly i n  general ,  o n l y  t h e  m a n i p u l a t o r  f o o t  r e s t r a i n t  
can meet Space S t a t i o n  requirements.  
3. 
advanced stage o f  e n g i n e e r i n g  development, b u t  a r e  r e s t r i c t e d  t o  non-cryogenic 
gases and f l u i d s .  
I n  t h e  area o f  t o o l  end assemblies, o n l y  u m b i l i c a l s  appear t o  be i n  an 
4. A p a r t i a l  da ta  o r  e l e c t r i c a l  power t r a n s f e r  c a p a b i l i t y  e x i s t s  i n  t h e  SEE, 
a l t h o u g h  i t  i s  inadequate t o  meet c u r r e n t  Space S t a t i o n  requi rements for 
pay1 oad power suppor t .  
5. 
t h e r e  e x i s t s  c l e a r  Space S t a t i o n  requi rements f o r  them. 
There i s  a complete l a c k  o f  development f o r  sensor end assemblies, b u t  
6. 
Space S t a t i o n  Program can draw. 
I n  genera l ,  t h e r e  i s  a tremendous techno logy  i n  ho lde rs  f rom which t h e  
7. Whereas t h e r e  i s  o n l y  CR-level suppor t  f o r  an EVA compat ib le  ORU h a n d l i n g  
f i x t u r e  and none f o r  an EVA-suited-hand compat ib le  end assembly, an EVA-sized 
end assembly and ORU hand l i ng  f i x t u r e  seem very  des i reab le .  
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V I .  END ASSEMBLY STRATEGIES 
Requirements 
A. Advanced development i s  r e q u i r e d  t o  meet end assembly requi rements f o r  t h e  
f o l  1 owing : 
1. 
2. Hazardous F1 u i d  Umbi 1 i c a l  s 
3. Sensor Assernbl i e s  
4. TCS U m b i l i c a l s  
Cryogenic  Umbi 1 i c a l  s 
B. Upgrade power t r a n f e r  c a p a c i t y  
Opt ions  i n v o l v i n g  redes ign  or m o d i f i c a t i o n  r e q u i r e d  f o r  improved 
r e l i a b i l i t y  and m a i n t a i n a b i l i t y  a r e  l i s t e d  below: 
A. Develop Standard End Assembly (SEA) 
1. Extended mean-time between f a i l u r e s  (10-20 y e a r s )  
2. On-o rb i t  removable w i t h  moderate MTBF (1-5 y e a r s )  
3. Make o n - o r b i t  q u i c k  d isconnectab le  w i t h  i nc reased  MTBF over  SEE 
a. Spares i n v e n t o r y  
b .  Interchangeable/compatible 
c. I V A  Repa i rab le  
( 1 )  SSPE 
( 2 )  SSPE and NSTS 
4. Make o n - o r b i t ,  i n  s i t u ,  r e p a i r a b l e  
B. Mod i fy  Standard End E f f e c t o r  (SEE) f o r  On-Orbit 
1. Spares i n v e n t o r y  
2. In te rchangeab l  e/compati b l e  
a. SSPE 
b. SSPE and NSTS 
IrnDlementation ODtions 
Opt ions f o r  implement ing 
A. Make a l l  end assembl 
B. Make some end assemb 
r e q u i r e d  se rv i ce .  
a r e  t h e  f o l l o w i n g :  
Rep1 acement 
es compound. 
i e s  compound and some simp e depending upon 
Recommendat i ons 
A q u a n t i t a t i v e  recommendation f o r  a t o t a l  p o l i c y  w i t h  rega rd  t o  an "End 
E f f e c t o r  S t r a t e g y "  for  t h e  Space S t a t i o n  Program would r e q u i r e  t h e  c r e a t i o n  o f  
o b j e c t i v e  c r i t e r i a ,  t h e  development o f  a genera l i zed  ' 'cost  b e n e f i t "  a n a l y s i s ,  
29a 
and an a p p l i c a t i o n  o f  those m e t r i c s  t o  t h e  v a r i o u s  ma jo r  o p t i o n s  t o  de termine 
t h e  "best." However, an h e u r i s t i c  approach i s  p o s s i b l e  as a r e s u l t  o f  t h e  
ve ry  obv ious c e n t r a l  r o l e  t h a t  t h e  Standard End E f f e c t o r  must p l a y  and i t s  
ve ry  obv ious l a c k i n g s  v i s  a v i s  a Space S t a t i o n  r o l e .  
As a c e n t r a l  theme any o p t i o n s  a n a l y s i s  must address t h e  Standard End 
E f f e c t o r - r e l a t e d  issues  i d e n t i f i e d  i n  t h i s  study. It i s  fu r thermore  c l e a r  
t h a t  t h e r e  a r e  some very impor tan t  end assemblies, imp led  or e x p l i c i t l y  
s t a t e d ,  con ta ined  i n  the  requ i rements  t h a t  a r e  comp le te l y  unaddressed by t h e  
c u r r e n t  con ten t  o f  t h e  Advanced Development Program, w i t h i n  s e n s i b l e  reach 
th rough  Focused Technology and i t s  r e l a t i v e s  i n  Code R, or f o r  t h a t  m a t t e r ,  i n  
company r e l a t e d  IR&D. 
It i s  a l s o  c l e a r  t h a t  c o m p a t i b i l i t y  o f  ORU handlng v i a  t h e  Standard 
Grapple F i x t u r e  i s  an a t t r a c t i v e  c a p a b i l i t y  t h a t  migh t  be r e q u i r e d  f o r  a t  
l e a s t  some End Assemblies assoc ia ted  w i t h  l a r g e  man ipu la to rs .  Moreover, s i n c e  
compati b i  1 i t y  opens the  door  t o  c o n s i d e r i n g  i nterchangeabi  1 i t y  , r e q u i  r i n g  
commonal i t y  fo r  some 
spar ing.  
I n t e r c h a n g e a b i l  
and, i f  o n - o r b i t  r e p  
suppor tab le .  
F i n a l l y ,  i f  t h e  
i t  would a l s o  be des 
End Assembl i e s  o f f e r s - m a j o r  advantages w i t h  regards  t o  
t y  i m p l i e s  t h e  a b i l i t y  t o  rep lace  End Assemblies o n - o r b i t  
acement i s poss i  b l  e , non-standard End Assembl i es a r e  a1 so 
i n t e r f a c e  and upgrade problems a r e  t e c h n i c a l l y  t r a c t a b l e ,  
r a b l e  t o  upgrade t h e  NSTS Standard End E f f e c t o r  t o  modern 
SSP t e c h n i c a l  standards, i n c l u d i n g  i n t e r c h a n g e a b i l i t y .  
p o i n t  would be t h a t  (1) m i s s i n g  techno logy  development i n  Sensor End Assem- 
b l i e s ,  Umb i l i ca l s ,  and a new, EVA compat ib le ,  Grapple F i x t u r e  be immedia te ly  
addressed, ( 2 )  t h a t  the SEE be upgraded i n  bo th  r e l i a b i l i t y ,  u t i l i t y  suppor t ,  
e t c .  , (becoming t h e  Standard End Assembly, SEA) and made on-orb i  t rep1 aceable, 
( 3 )  t h a t  a l l  SSPE's expec t ing  l o g i s t i c s  suppor t  and possess ing a l a r g e - s c a l e  
l o g i s t i c s  suppor t  man ipu la to r  be r e q u i r e d  t o  have a t  l e a s t  one common/inter- 
changeable, new SEA. F u r t h e r  s i m p l i f i c a t i o n  and o v e r - a l l  system c a p a b i l i t y  
enhancement would come f rom ( 4 )  s imul taneous upgrade o f  t h e  NSTS RMS/SEE t o  
commonali ty w i t h  SEA. F i n a l l y  ( 5 ) ,  a l l  End Assemblies would then  be made 
compound or s imple,  depending on t h e  bes t  des ign  s o l u t i o n  t o  a p a r t i c u l a r  
task .  
Fol  1 ow-On Act i v i  t y  
c o n t i n u i n g  s tudy  a c t i v i t y  t o  f u r t h e r  i d e n t i f y  requi rements t h a t  e i t h e r  
s p e c i f i c a l l y  c a l l  f o r  or imp ly  end assemblies, t o  deve lop  q u a n t i t a t i v e  
methodologies for s e l e c t i n g  t h e  bes t  program p o l i c i e s  i n  commonality, 
i n t e r c h a n g e a b i l i t y ,  etc., t o  c o n t i n u e  t o  i d e n t i f y  and address techno logy  
i ssues ,  and t o  grow i n t o  a s e l f - c o n s i s t e n t  program p o l i c y  w i t h  respec t  t o  End 
E f fec to rs .  
For t h e  fo rego ing ,  a d m i t t e d l y  h e u r i s t i c ,  reasons a recommendation a t  t h i s  
Several areas have been i d e n t i f i e d  t h a t  m e r i t  f u r t h e r  c o n s i d e r a t i o n :  A 
29b 
It i s  c l e a r  t h a t  a ma jor  a c t i v i t y  i s  needed t o  address t h e  i s s u e  o f  
upgrad ing  or redes ign ing  t h e  c u r r e n t  NSTS Standard End E f f e c t o r  and t h e  degree 
t o  which a Space S t a t i o n  Standard End Assembly can be l e v i e d  on a l l  Space 
S t a t i o n  p a r t i c i p a n t s ;  I n t e r n a t i o n a l  as we1 1 as U.S. 
I n  a d d i t i o n ,  work on c e r t a i n  s p e c i f i c  End Assemblies i s  c l e a r l y  c a l l e d  
f o r .  Work i s  needed i n  ex tend ing  u m b i l i c a l s  t o  t h e  t r a n s f e r  o f  c ryogen ics ,  
h e a t i n g  and c o o l i n g ,  hazardous f l u i d s ,  and power. 
i n  deve lop ing  a new EVA compat ib le  small s tandard  g rapp le  f o r  ORU's as 
suggested b y  €SA i s  i n  order .  Las t ,  but n o t  l e a s t ,  d e f i n i t i o n  and Advanced 
Development i s  c l e a r l y  mandated f o r  Sensor End Assemblies by t h e  mismatch 
between s t r o n g  PDRD requi rement  and lack  o f  Space S t a t i o n  or o t h e r  a c t i v i t y  i n  
t h i s  area. 


































































x x  x x  
x x 
x 
cc cc I Y W  cc 
w w W A  w 
CJ 0 C 3 c L - J  n-- l  
-1 -1 1 x 0  -10 
0 0 0 0 0  0 0  










n x v ,  
z c z v ,  
. 
N Fr) d Lo 
b 
x x x x  
c c c c a z c c  
w w w w  
A - 1 A - 1  
0 0 0 0  
I I I I  
a n a n  
. 
rc) 
x x  
c c c c  
w w  
A J  
0 0  
1 1  









x x x  x 
x x x x  x x 








n -I -1 
-I 0 0 
0 0 0 
I I- c 
J - I - 1 - 1  
0 0 0 0  
0 0 0 0  












































































































































































































































































































4 s  0 . .  
= = e  m o o  4 m 
. 
V W n 
. . 
0 l-4 
m 4 l-4 
. 
ru 
4 CO W I- 
H 
32 
FLIGHT EVA NO. 
NO. 
EVA M I N .  NO. SEE C Y C L E S ~  
1 1 350 17 
2 332 23 
3 30 5 15 
2 1 328 13 
3 33 7 32 
4 330 16 
3 1 329 13 
2 329 14 
4 342 6 
4 1 344 15 
2 344 15 
3 31 5 6 
4 190 15 
5 1 355 13 
2 350 11 
3 345 10 
2 361 10 
3 361 10 
4 255 6 
6 1 307 13 
2 335 11 
3 335 11 
4 350 10 
2 34 5 10 
3 345 10 
4 275 8 
8 1 332 14 
2 33 5 8 
3 325 9 
9 1 60 1 
10 1 60 1 
7 1 310 26 
11 1 250 8 
12 1 97 9 
13 1 165 4 rn TOTAL EVA H O U R S ~  ?3 TOTAL 
CYCLES 
Figure Z8 Top Level EVA Timelines and SEE Cycles f o r  Baseline Assembly 
Sequence 
a.  From R. H. Waibel, personal communications, McDonnel Douglas, 
Houston, Texas, March 1986. 
b.  2.5 SEE Cycle per EVA hour c. 180 t o t a l  EVA hours 
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TITLE 
Alpha J o i n t  
Beta J o i n t  
Radiator  Rotary J o i n t  
Coarse P o i n t i n g  System 
MRMS Man ipu la to r  du r ing  Assembly 
Truss S t ruc tu re  Assembly Desc r ip t i on  
Hazardous Operat ions Requirements 
Umbi 1 i c a l  Requirements 
Umbi l i ca l  Requirements 
Umbi 1 i c a l  Requirements 
MRMS Reach Envelope 
MRMS Reach Envelope 
MRMS Reach Envelope 
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Dual Arm M a n i p u l a t o r  End E f f e c t o r  
ERNO Three Mu1 ti - J o i n t e d  F inge rs  
UTAH/MIT Dexterous Hand 
MB Associates Dexterous End E f f e c t o r  
Robo-Tech Mu1 ti p l  e Prehension Mani pu l  a t o r  System 
U R I  Gr ipper  
U R I  Two-C1 aw G r i p p e r  
JPL Pro to type End E f f e c t o r  
JSC Prototype End E f f e c t o r  
ERNO Docking Tool 
Standard End E f f e c t o r  (Snare Type) 
Standard Grappl e F i x t u r e  
Man ipu la to r  Foot  R e s t r a i n t  
Rad ia to r  Attachment Mechanism 
JEM RMS C o n f i g u r a t i o n  
JEM S m a l l  F i n e  A r m  
JEM Small F i n e  A r m  Tools  
ESA Fokker End E f f e c t o r  
ESA Fokker End E f f e c t o r  
JPL Smart Hand 
JPL Smart Hand 
Langl  ey Para1 1 e l  Two-Jaw Gr ipper  
MSFC Intermesh End E f f e c t o r  
MSFC I O S S  Module End E f f e c t o r  
JPL/JSC Mu1 t i  -C1 aw Gr ipper  
Langl  ey Versagr i  p I I I 
Langl ey Qu ick  Tool Change Mechani sm 
MSFC Intermeshi  ng G r i p p e r  Tool s 
MSFC Rotary Power Tool 
MSFC Umbi 1 i c a l  Coupl i ng Tool  
MSFC Umbi 1 i ca l  Coupl i ng Tool 
Module Serv ice Tool 
Uni versa l  Serv ice  Tool System 
Uni versa l  Serv ice  Tool System 
Lockheed ARM Capture Device 
Trunnion P i n  Attachment Device 
Probe Capture Device 
I n f l  a t i  b l  e Device 
I n f l  a t i  b l  e Device 
I n f l a t i b l e  Device 
I n f l  a t i  b l  e Device 
C1 ampi ng Capture Device 
C1 ampi ng Capture Device 
MSC Work S t a t i o n  
~ 
B. 1 
RIST YAW DRIVE 
. 
DUAL ARM END €FFECTOR 
B. 2 
Three finger hand 
3 - M U L T I - J O I N T E D  F I N G E f i S  E f  FECTOR 
( E R N 0  R A U M F A H R T T E C H N I K  GM6H) 
The prototype Version I DH. 
Utah/MIT DH. N o t e  t h e  s e p a r a t i o n  













1 LIAH . GCAR 
I IC) SPRFAD FiXITION (d) TIP POSlTlOh 
The double.dwr4 finger Iurnlng rnechanlsm. 
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JPL -PROTOTYPE END EFF.ECTOR 
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I '  
j .  
/ I.. .* 
11.2 - --- -. 
. I f  
OVERLOAD SPUIICGI - - 
LU, ffffC1OR CWf I~U1l6h l l l l t r  
JSC PROTOTYPE END EFFECTOR 
! *  
B. 10 
DOCKING EFFECTOR 
FIR$T D O C K I N G  TOOL 
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GRAPPLE P I N  







ORIGINAL PAGE IS 
OE POOR QUALITY 
25 i n .  
6 1 . 5  i n .  
14 i n .  
2 0 . 5  in .  
1 4 . 5  i n .  
MANIPULATOR FOOT RESTRAINT 
1 
P a r t  number 
Ueight  
W a t o r i a l  
R o t a t i o n  of MFR 
base i n c l u d i n g  
v e r t i c a l  r t a n -  
chion 
Tilt of stanchion 
away from crew- 
membrr 
R o t a t i o n  o f  work 
s t a t i o n  about 
v e r t i c a l  stan-  
chion a n i s  
Rotat ion of f o o t  
p l a t f o r m  inde-  
Technical  In format ion 
SED33103150-305 
102 l b  
P r i m a r i l y  aluminum 
2180. w i t h  l o c k l n g  in 45' increments 
27. forward with l o c k i n g  %n Q* Incremrnts  
2180. w i t h  l o c k i n g  in 45' i n c r e n o n t r  
~ ~~~ 
Continuous 360' w i t h  l o c k i n g  i n  30' increments 
Cargo bay.  a t tached t o  APC 
B. 14 
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OMV Smart Hand - for PFMA 
a) Upper: E/E assembly with intermeshing claws, 6 DOF Force-Moment Sensor, 
Grasp Force Sensors, Position Sensor, Position, 
Rate and Grasp Force Servo Control using Brushless DC Torque Motor, 
Housing of Local Electronics 














































RMS Claw End Effector with 6 DOF Force-Noment Sensor and 
Brushless DC Motor Drive f o r  Posi t ion  and Rate Servo 
a)  Upper: Three-Claw Assembly with Hinged Claw T i p s  
















MODULE SERVICE TOOL 
B. 32 
Overview 
The Module Service Tool (MST) i s  a self-contained hand tool for use i n  installing and 
removing standard Multimission Modular Spacecraft (M MS) subsystem modules t o  sim- 
pl i fy on-orbit maintenance and repair operations and t o  reduce the time required for the 
performance of extravehicular activities (EVA'S). 
Performance Description 
The MST i s  a battery-powered EVA hand tool which i s  designed t o  loosen and tighten the 
M M S  module retention hardware t o  predetermined torques of up t o  160 f t - l b  It provides 
a means for locking onto the modules in a manner which prevents reaction rotational 
torques on the crew member. Power i s  supplied by an Extravehicular Mobility Unit 
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OF POOR QUALITY 
TRUNNION PIN ATTACHMENT DEVICE 
B. 36 
The Trunnipn P in  Attachment Device (TPAD), which i s  mounted on the Manned Maneu- 
vering Unit (MMU), provides the extravehicular crew member a means of attaching a 
grapple fixture to  a satellite trunnion pin, thus allo\s*ing control o f  the satellite. 
Performance Description 
The basic TPAD structure consists of two a c c e r ? ! i c s  - the TPAO control assembly and 
the secondary TPAD assembly - both of which a r c  attached t o  the  MMU by two mounting 
brackets. The control assembly provides the ere\\ member w i th  TPAO jaw action and 
locking control and contains provi3ions for d ccc-necting the TPAD jaw assembly f rom 
the control assembly. The secondary TPAD a: taches  the crew member !o the satell i te in 
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O BLADDER OF NED 6600 ELASTONER 
O STIFFENING VIRES NOLDED INTO BLADDER 
FOR TORSIOSAL R I G I D I T Y  
1 .  WILL HANDLE MANY DIFFERENT CONFIGURATIOSS OF HAKDLISG POINTS 
2.  REQUIRES ONLY ONE GRIPPING BLADDER 
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